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Abstract

Mixed clusters of the form (NO)^^

- 22) were produced in a

supersonic expansion and ionized by nonresonant two-photon absorption of 30 ps, 266

nm photons. The cluster distribution exhibited intensity anomalies for NO^(Ar)^ (n =
12, 18 and 22) and (NO)^ (Ar)^ (n = 17, 21). These "magic numbers", at w n = 13,
19, 23 were compared with those observed in rare gas and other M^Ar^ clusters and
were assigned to symmetric and stable icosahedral structures. Four-photon ionization

with 30 ps, 532 nm light yielded a cluster distribution in which only the NO^(Ar)^
cluster series was observed. The known photodissociation of(NO)^ and (NO)^ and the
cluster distributions obtained at 266, 355 and 532 nm light suggested that the

dissociation of(NO)^^

^

taking place in the ion.

A variety of binary heteroclusters of the form (NO)^(Y)^, where Y = N^O, CO^,

NO^, H^O, CS^, SO^ and SF^ were investigated by coexpanding nitric oxide, argon and

the complexing agent. Cluster distributions of neat (NO)j|^ exhibited an odd-even
intensity alternation which was explained by electron pairing effects and differences in
the relative stabilities of the cluster ions which are enhanced by the kinetic effects in the

evaporation process. The observation of the exceptionally stable (NO)^ (Y)^ cluster
series is of particular interest and possible structures for these species are discussed.

IV

The vibronic spectroscopy of NO, ArNO,CH^NO and CD^NO was investigated
using mass resolved REMPI. Spectra for NO are presented for transitions associated
•
with
the A2Z+ state (v = 2 and 3). Multiphoton ionization spectra are also presented for

various van der Waals molecules, namely ArNO, CH^NO and CD^NO. The spectra
were obtained via a two-photon electronic transition associated with the C^O (v= 0)
state of nitric oxide. Dissociation energies of the ground and excited states of the vdW
molecules are discussed.

Laser induced polymerization was investigated in clusters of carbon disulfide.

The observation of various ionic photoproducts such as (S)^^ ,(CS)^^ ,
(082)1^ and

(CS^),

attributed to a cycle of ion-molecule reactions occurring

entirely within an isolated cluster of carbon disulfide.
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Chapter I

Introduction

Multiphoton Processes: Historical

The theoretical aspects for the simultaneous absorption of two photons were first

introduced by Gdppert-Mayer'*^ by using second-order time-dependent pertubation

theory. Experimental verification of this process was provided by Kaiser et al? when
they observed flourescence at 425 nm after irradiating CaF2:Eu^^ crystals with a ruby
laser. Two-photon absorption was observed by Abella'* by exciting the 6S1/2-9D3/2
transition in cesium and observing the subsequent fluorescence decay from the 9D3/2 to
the 6P3/2 state at 584.7 nm.

Multiphoton processes were not only observed in atomic species but also in
diatomic and large molecular species. Two-photon spectroscopy was used to observe

photodetachment form C2 by initially creating the anions in a CO-C2H2 discharge, mass
analyzing them and then intersecting them with a tunable dye laser'. A two-photon
detachment cross-section was obtained and the Zg state was assigned as the ground

state of C2

Other experiments in gas-phase two-photon spectroscopy were carried

out by Hochstrasser et al.^ on benzene and by Boesl et al? on napthalene where, in both
cases, vibrational frequencies of the ground and excited states were obtained by the

1

analysis of hot bands. The versatility of multiphoton spectroscopy was demonstrated by

Bergman et al} who used the process to obtain absorption spectra for both crystalline
2

_

and liquid anthracene and were able to identify the symmetry forbidden, B3y state and

the symmetry allowed ^Bj^.^B^g and ^ Afg electronic states. Later, Hochstrasser et al^
were able to obtain vibrationally resolved spectra for crystals of benzene, napthalene and

biphenyl'". Two-photon processes allow for transitions between states of even parity
and furthermore, odd-parity transitions can be made accessible by Herzberg-Teller

vibronic coupling".
A major obstacle in obtaining narrow spectral linewidths, in the gas phase, was

the phenomenon of Doppler broadening. Molecules in the gas phase have an isotropic
velocity distribution that produces difference frequency shifts in the observed transitions

for those with different velocity components in the direction of light propagation'^. The
• •
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average of these shifts results in the Doppler broadening of the transition . The

theoretical construct for the elimination of Doppler broadening was laid down by

Vasilenko et al" who demonstrated that if an atom absorbed two photons from
counter-propagating light sources, the shifts in their Doppler shifts have opposite signs
and, if the two light sources have the same frequency, the shifts cancel each other out.
Experimental evidence for the elimination of Doppler broadening was provided by

numerous experiments on the excited states of sodiiun"*"'^''^. It was discovered,
however, that despite the elimination of Doppler effects, lifetime broadening still

contributed to the width of spectral lines. Doppler-free two-photon spectroscopy was

also employed in the study of molecules such as Naa'', CO and N2'^ and NO'^.
The polarization properties of light can be used in multiphoton processes to
provide information not only about the symmetry of excited states that would otherwise
be inaccessible by one-photon spectroscopy, but it is also possible to study the
dependence of multiphoton cross-sections on the polarization of light Polarization was

used to determine excited state symmetries for two and three-photon processes^" and

was later extended to gas-phase molecules by Bray et

and by Wunsch et al?^ for

CeHe and CgDe who analyzed the rotational structure of the Si«—So transition by using
linear and circularly polarized light
If a molecule is excited by an intense light field, it can absorb many photons and
eventually ionize. The phenomenon of multiphoton ionization (MPI) has been used as a

sensitive detector of many-photon processes. MPI was theoretically addressed in 1964

by Keldish^' and was first observed, experimentally, in xenon by Voronov et al?* who
observed an ion current following a seven-photon ionization process. A powerful
feature of MPI is the ability to measure the spectrum of intermediate states and detect
new ones, by observing the ionization signal, that would not be observable by one-

photon methods. Furthermore, MPI makes the detection of ions relatively easy.
Multiphoton spectroscopy can excite those states that are parity forbidden in one-photon

spectroscopy, in atoms and molecules with a center of symmetry.

This was

demonstrated by Johnson^^ who used the technique to observe a low-lying and

previously unobserved excited state of benzene namely,

and the ^Bg state in trans-

1,3-butadiene. Dalby et al}^ were able to detect a new Rydberg state of symmetry, Ig of
molecular iodine and were able to determine the ionization cross-section from that

Rydberg level. New states have been observed and identified in many polyatomic
molecules such as, ammonia^^"^*.
When combined with mass spectrometry, MPI becomes a very sensitive

technique not only for the detection of ionized molecules but also for both neutral and
+ •
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ion spectroscopy. Since the initial observation of H2 m a mass spectrometer , there

have been numerous experiments that have employed multiphoton ionization
spectroscopy and spectrometry. In MPI the intermediate state can be investigated by
using the ion signal as the confirmation of the resonant excitation. In this type of
technique, the intermediate resonant state does not need to fluoresce or predissociate in
order to be detected. Furthermore, the use of a supersonic gas expansion can greatly

simplify vibronic spectra via the cooling of rotational and vibrational degrees of freedom.
If fragmentation is not a desirable result, then it can be controlled by ionizing very close
to threshold. It is possible to use multiphoton spectroscopy to perform isotope selective
spectroscopy where isotope shifts are used to assign vibronic spectra of molecules. This
vibronic shift is important in understanding the nature of bonding within the molecule
and can be use to determine force fields and electronic origins. This has been used to

investigate the vibronic bands of Si-So transition in benzene, p-xylene and toluene

together with their

isotopomers^". In the case of ion spectroscopy, emission and
•
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excitation can be used to study the ground and excited vibronic states of the ions ,

respectively. These methods, however, are limited in their use and so photoelectron

spectroscopy (PES) has been employed to study excited electronic states of ions.
Conventional PES typically has limited resolution and therefore, zero kinetic energy
photoelectron spectroscopy (ZEKE) has been developed to investigate ions and provide

high resolution spectra (~ Icm ')'^. Both PES and ZEKE can be used in conjunction of
with a mass spectrometer to do photoion-photoelectron coincidence experiments.
Linear time-of-flight mass spectrometers are most frequently used because of their

simplicity of construction and they provide good mass resolution (in the range 1001000).

However, reflectron time-of-flight spectrometers provide a number of

advantages. It is possible to obtain higher mass resolution (up to m/Am = 35000)^^ and
furthermore, reflectrons allow the study of decay processes in the 20 ns to20 |xs range

Rnally, one of the most important applications of multiphoton spectroscopy is

harmonic generation. This was first demonstrated by Ward et alP when they observed
third harmonic generation(THG)in rare gases as well as molecular systems. The advent

of efficient dye lasers made it possible to obtain tunable THG light^® and to use it in high
resolution spectroscopy of H2, HD,

and NO'"'. Harmonic generation has been

observed not only in the vacuum ultraviolet(VUV) but also in the infrared using foiu*-

wave mixing processes'".

Theoretical Considerations

It is possible to use second order pertubation theory to describe a multiphoton

process and obtain an expression for an n-photon cross-section. One can consider a
two-photon process in which the sum of the energy of the two-photons is equal to the
energy separation of an initial and final state. The initial transition can be envisioned as

an absorption from the ground state, lg>, to a virtual level, lk>. The second photon
completes the process by undergoing a transition from the virtual level to a final state.

If >. The two-photon absorption cross section can then be expressed as'^^

(f|T.e|k)(k|r.E|g) ^(f|T E|kXk|r-E|g)^
tic

k

(tOgk-^COi)

2

(C0gk-^C02)

(I-l)

where coi and coz are photons of different frequencies and toyc = Eg - Ek. The selection
rules for the net transition moment is a product of the single-photon matrix elements,

and consequently, the process allows for the transitions such as g —> g, u—>u,and h—> +
and -

.

For ionization, the transition probability for multiphoton processes can be

expressed as"*^.
w(N)^^y(N)jN
where 1 is the intensity of the laser,

is the generalized cross-section for an N-

photon process. For a two-photon process, the cross-section can be expressed as'*^

(1.2)

4=

27C • ^

'

a-3)

'

where a is the fine structure constant, —,F is the photon flux, k is the wavevector of
tic

the outgoing electron, m is the electron mass and to is the incident frequency. The

integral is over all the possible directions of the emitted electron over the solid angle,
diljj . If the incident frequencies, coi and tou, in equation I-l are equal, the second order

matrix element M\ can be written as'^
(f|V|l)(l|V|i>

1 (Ef -Ej-IcOlX^I

~^l)

(1-4)

where "i" and "f refer to the initial and final continuum of states, (Ol is the incident

laser frequency, the number "1" refers to the intermediate quantum state and V refers to
the Hamiltonian of the interaction between the molecule and the electric field. When the

incident laser fiequency is tuned to a resonance an enhancement of the ionization signal
is observed. Including effects of the finite lifetime of the state introduces an imaginary
part to the denominator and removes the singularity apparent in equation 1-4.

Freejet Expansions

Freejet expansions serve a valuable role in the spectroscopy of molecules for a

variety of reasons. The supersonic beam provides an intense source of molecules with a
narrow velocity distribution which undergo vibrational and rotational cooling. This

phenomenon simplifies spectra because excited vibrational and rotational levels are not

populated and therefore, transitions from these levels are not observed. An example of
this was observed in the expansion of NO2 in a supersonic beam of helium which showed

that less than 2% of the NO2 molecules were rotationally or vibrationally excited"*'.

Supersonic cooling has also been observed in larger molecules such as s-tetrazine"*^ and
phthalocyanine"". Furthermore, the low temperatures obtained in the supersonic beam
allows the formation of weakly bound species such as vdW molecules.
Molecular beams can be characterized by the number of collisions that take place
within the beam as it passes through the nozzle. This quantity is called the Knudsen
number and is written as"*®

K =^
D

(1-5)

where Xq is the mean free path of the gas in the reservoir and D is the diameter of the
nozzle. If K > 10 then the result is effusive flow and there are no collisions within the

beam. If K « 1 then the result is a supersonic expansion which undergoes numerous

bimolecular collisions as it exits the orifice. The sonic velocity can be expressed by^
I
V =

7RT'\2

a-6)

m

where y is the ratio of heat capacities, Cp/Cv, R is the gas constant, T is the temperature

and m is the mass. The temperature, Tj,, of the supersonic beam,for an ideal gas, is"*'

Tb=To

2

^

(1-7)

where M is the Mach number, which is the ratio of the mass-flow velocity to the velocity

of sound in the particular gas. The Mach number can also be expressed in terms of the
distance from the nozzle'"

M =c

vD/

(1-8)

where c is a constant that depends on y, x is the distance form the nozzle and D is the
diameter of the nozzle. As the beam gets further form the nozzle, collisions cease and the

Mach number approaches a limiting value which is given by'**

M t = I.ITK"^'^ =(PoD)®'"^

(1-9)

where po is the pressure of the gas in the reservoir and Mt is referred to as the terminal

Mach number. The degree of clustering can be increased by increasing the pressure,
increasing the diameter of the nozzle or decreasing the temperature of the gas in the
reservoir. To.

However, an increased nozzle diameter not only requires a higher

pumping speed but it has been determined experimentally that for argon, the mole

fraction of the argon dimer scales as Pq D and so it is better to increase the backing
pressure than to increase the nozzle diameter". Assuming a backing pressure of 5205
torr (100 psi), a nozzle diameter of 0.5 mm and a y of 5/3, equations 1-7 and 1-9 yield a

beam temperature of ~ 1.6°K. This translates to a kT value of ~ 1 x 10^ eV, at which a

vdW molecule, such as ArNO (De = 1.5 x 10"^ eV) can exist without dissociating. At

room temperature, however, kT is ~ 2.6 x 10'^ eV and, therefore, ArNO would
dissociate. Nozzle geometry also plays an important role in the degree of clustering, as

was demonstrated by Hagena et al.^^

Clusters: Historical

Clusters have become the focus of intense study in the past decade and continue

to provide exciting challenges in the areas of chemistry, physics and material science.
Although the observation and investigation of clusters is relatively new, they fill an

important gap in the study of the fundamental properties of matter. Clusters have been

referred to as the "fifth state of matter"^' because they provide researchers with an
invaluable tool to study the change in properties (structure, bonding, thermochemical
properties) of matter from the gas to the condensed phases. Furthermore, clusters have

been utilized in various applications such as catalysis, microelectronics, plasma fuel

injection and combustion processes''*.
Clusters can be classified by their average binding energies and consequently,

they fall into two categories: (i) those that are weakly bound (van der Waals,
homogeneous molecular clusters and hydrogen bonded clusters) and (ii) those that are

strongly bound (ionic, valence and metallic clusters). A list of the types of clusters and

their respective binding energies is given in table I-l". Clusters range in size from the
dimer to an aggregate composed of lO' species. The first experimental observation of

10
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Table I-l. Classification of Clusters according to their average binding energies

Cluster

Prototypical

Type

case

Binding forces

Van der

(Rare gases)n

Dispersive plus

Waals

(N2)„,(C02)„

weak

clusters
Molecular

Clusters

Average

Average

Binding energy

Binding

(eV)

Energy
(kcal/mol)

^0.3

<6.9

~ 0.3 to 1

-6.9 to 23.1

~ 0.3 to 0.5

-6.9 to 11.5

electrostatic

(l2)„, organics

Dispersive,
electrostatic

(weak valence)

Hydrogenbonded

(H2)n,(NH3)„ H-bonding,

electrostatic

clusters

Ionic

(NaCl)„

Ionic bonding

~2to4

Valence
clusters

Metallic
clusters

-46.1 to
92.2

clusters

Cn» Sg
Na^, Cup

Conventional

~ 1 to 4

-23.1 to 92.2

~ 0.5 to 3

- 11.5 to 69.2

chemical bonds
Metallic bonds
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cluster formation in free jets was made by Becker et al.^^ when they expanded molecular
hydrogen, argon and nitrogen through a nozzle and into a vacuum.

Experiments have been performed on van der Waals(vdW)clusters to study their
structures, ionization mechanisms and stability as a function of cluster size. Clusters of

xenon up to n = 150 were observed". Stephens et al.^^ observed helium clusters up to n
= 36 in their mass spectra and Ding et al.^^ have taken mass spectra in which they
observed clusters of neon up to n = 90 and argon up to n = 300. In these spectra,
certain sized cluster ions exhibited exceptional stability relative to other clusters in the
distribution. These stable species, called magic numbers, occur at n = 13, 19 and 55 and

are attributed to structural stability. Although magic numbers have been observed in
metal clusters, the stability has been attributed to shell closings (Fermi gas model) which

occur at n = 2, 8, 20, 40, 58 and 92^. However, in neutral vdW clusters, the electrons
are not delocalized, as in metal clusters, and so a structural argument must be used to

explain the stability of these magic numbers. The stability of the magic number at n = 13
and 19 are attributed to the formation of very symmetric and hence, stable, icosahedral
and double icosahedral structures. The magic number at n = 55 corresponds to the

second complete shell closing. Magic numbers at intermediate sizes, n = 16, 23, 25, 29
etc, correspond to partial shell closings that provide some stability to the cluster species.
Magic numbers, due to structural stability, have also been observed in vdW molecular

clusters such as H2^', water®^ and ArNO*^^. Weakly bound clusters (vdW) have also
been utilized to study metastable decay rates and the kinetics of fragmentation. These

12

metastable species, with lifetimes up to 200 ps, have been studied using a variety of
experimental techniques including time-of-flight mass spectrometry, single and double

focusing sector field mass spectrometer and quadrupole mass spectrometry. The goal, in

these experiments, is to examine the dispersion and subsequent disposal of energy in a
molecule or cluster, upon ionization. Using these techniques, metastable reaction rates

have been obtained for various species^'®'.
More strongly bound clusters, with ionic bonds, have been studied by Pflaum et

al.^ They investigated sodium halide cluster distributions and discovered that the

Naj^Xj"^ peak , where X = Cl, Br, F and I, was especially stable. This stability was
attributed to the formation of a cubic structure. Similar results were obtained by Martin

et af in examining copper halide clusters in where the (14,13) cluster ion was very
stable due to the formation of a cubic, rock salt structure.

Developments in laser vaporization and molecular beam techniques has made it
possible to study many metal cluster systems. Early spectroscopic work was limited to

the dimers of coinage metals (copper, silver and gold)^ and to Cr2 and Mo2^'. More
detailed work was performed by Morse et al.^^ in which they studied various transition
metal clusters and assigned ground and excited states for dimers and trimers. Since then,
both theoretical and experimental work on metal clusters has been performed quite
extensively and their role in catalysis and surface chemistry is being further

investigated^'.

13

The most exciting development, in recent years, has been the discovery of Ceo,
also known as Buckminsterfullerene. In studying the stability of various species in a

carbon plasma, it was discovered that sixty carbon atoms formed an especially stable
cluster ion. Upon further study, the stability was attributed to the formation of a cage

structure which has twelve pentagons and twenty hexagons'^. The carbons are bound to
each other in a sp^ network. Clusters of carbon with up to 600 atoms have been
observed and are members of the fuUerene family. Experiments showed that Ceo was
•

•
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able to trap various metal atoms, such as Cs, La, K and Y, inside the cage . This
encapsulation causes the endohedral species to donate electrons to the lowest
unoccupied molecular orbital (LUMO) of Ceo and increase the electron affinity of the

cluster significantly^'*.

This, in turn, has led to the study of conductivity and

superconductivity in endohedral Ceo. The ability to make macroscopic quantities of

fullerenes'' enabled scientists to study the physical and chemical properties of fullerenes
to an extent that had been impossible before. Other stable and novel cage-like species

have been observed by Castleman et al?^ in which metal atoms bind strongly to carbon
atoms in particular combinations. These clusters, referred to as "metcars", form

stoichiometric clusters of the form, MgCj^(M = Zr, Hf, Ti and V) and are believed to
possess a dodecahedral structure".
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Thesis Overview

In this thesis, multiphoton ionization, in conjunction with mass spectrometry, was

used to investigate cluster distributions and the stability of certain species within them.
Chapter II discusses the experimental setup and describes the methods which were used

to obtain the data in this thesis. Chapter III examines the appearance of magic numbers

in (NO)j^

clusters using 30 ps, 266 nm light and investigates photodissociation

processes in the same clusters for m > 1 using 30 ps, 532 nm light Chapter IV deals
with the non-resonant 266 nm, MPI of binary, heterogeneous clusters of nitric oxide and

various ligands, and the appearance of magic cluster series of the form (NO)^ (Y)^
where Y refers to the complexing agent. Chapter V presents vibronic spectra, using
REMPI,of NO,ArNO,CH4NO and CD4NO. Chapter VI presents some observations of

intracluster ion-molecule chemistry in carbon disulfide clusters.
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Chapter II

Experimental

A schematic of the experimental layout used to obtain mass spectra of cluster
distributions and to obtain REMPI spectra is shown in figure II-1. The setup consisted

of a Nd:YAG laser that could be operated in either nanosecond or picosecond modes, a
YAG pumped dye laser, a multistaged vacuum system with a linear time-of-flight(TOP)
mass spectrometer and a digital oscilloscope that was connected to an IBM PC. For the
cluster distribution experiments, the fourth harmonic (266 nm) of a picosecond, modelocked Nd;YAG laser (Quantel YG571C) was directed through a sapphire window into

a vacuum chamber, containing the front end of a TOP mass spectrometer. The laser
beam was then focused with a 75 mm PL quartz lens, which was mounted within the

vacuum chamber, into the interaction region established by the extraction and backing
plates of the TOP. The laser was intersected, at 90°, in the interaction region by a
supersonic molecular beam produced by a pulsed valve (R. M. Jordan Co.) which is

described in detail elsewhere^*. The resulting photoions were extracted into the time-offlight tube and detected by a microchannel plate assembly. The mass spectnun was
recorded by a digitizing oscilloscope (Tektronix 11402) which allowed the mass spectra

to be averaged over a selected number of laser shots. The spectra were stored and
manipulated using an IBM PC. The individual components of the apparatus are
described in more detail below.
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Figure 11-1. Schematic of the experimental layout.

A schematic of the multistaged vacuum system incorporated in the apparatus is
shown in figure II-2. The first stage consisted of a 6" six-way cross with entrance and

exit windows,on two ports, for the laser light, a pulsed valve on the top port, a diffusion

pump on the bottom port and a time-of-flight system on the other. The liquid nitrogen
trap was attached to the 6" diffusion pump to minimize oil backstreaming and yielded a

typical base pressure of ~ 8 x 10"* torr. The TOF system was enclosed in a 4" stainless
steel can which penetrated into the cross. The skimmer for the molecular beam was
mounted on the outside of the can, directly above the interaction region. The discarded

portion of the gas pulse was thus pumped away within the first stage. The stainless
steel can had entrance and exit holes, which were 1 cm in diameter, for the laser light

and 1 cm holes (perpendicular to the holes for the laser beam) for the molecular beam.
The holes were designed to maximize the differential pumping between the diffusion

pumped stage and the TOF assembly. The TOF assembly consisted of an interaction

region, steering plates and a microchannel plate assembly. The TOF tube was 75 cm in
length and 2.54 cm in diameter. The interaction region consisted of a backing plate (Vi),
an extraction plate(V2), and a plate at the front of the TOF (V3), all of which were made
of stainless steel and were 5.08 cm in diameter. All of the plates had a circular aperture
with a diameter 0.953 cm and were covered with molybdenum mesh (150 Ipi). The

optimum experimental voltages for the backing plate, extraction plate and TOF tube
were found to be 2360V, 1900V and ground , respectively. The deflection plate

assembly, situated 10 cm from the interaction region, consisted of 4 square, stainless
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Figure V-2. Schematic of the vacuum chamber.

steel plates (designated top, bottom, left and right) which were 1cm on a side. The top,
left and right plates were kept at ground potential while the bottom plate was kept at

100 V in order to compensate for the initial velocity of the molecular beam perpendicular
to the TOP path. Approximately two-thirds of the way down the TOP tube, a six inch
tee was connected to a 200 1/s turbomolecular pump (Varian V200) which was used to

provide differential pumping for the system. This setup allowed the operating pressure
in the TOP to be more than a factor of two smaller than in the diffusion pumped

chamber. The operating pressure in the detector region was ~ 3 x 10'^ torr while that in
the chamber was ~ 1 x 10"^ torr. The detector consisted of a secondary suppression grid,
a dual microchannel plate assembly and an anode. The suppression grid was held at -

2500 V while the front of the channel plates was biased to -2250 V. The design of the

spectrometer is similar to that introduced by Wiley et a/.''. The mass spectrometer
exhibited a mass resolution, m/Am = 300,in the range of 1-2500 amu.
The pulsed valve had a nozzle of conical geometry and a diameter of 0.5 mm.

The molecular beam passed through a 2 mm skimmer (Beam Dynamics) before arriving
at the interaction region. The distance between the skimmer and the interaction region
was fixed at 7.5 cm whereas the nozzle to interaction region distance could be varied

between 10-17 cm. Backing pressures from a few hundred torr to 200 psi were
employed depending on the gas composition and the degree of cooling desired.

The laser system consisted of an Nd:YAG laser (Quantel YG571C), an Ha
Raman cell (Quanta Ray)and a dye laser(Lumonics HD 300). The NdrYAG laser could
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be operated in either nanosecond (Q-switched, 10 ns) or picosecond (mode-locked, 30
ps) modes. The pulse energies at 1064, 532, 355 and 266 nm, in the Q-switched mode
were 1200 mJ, 500 ml, 200 mJ and 90 mJ, respectively. In the mode-locked setup, the
pulse energies at the same four wavelengths were 75 mJ, 30 mJ, 10 mJ and 4 mJ,

respectively. In the picosecond mode,the peak powers, for 1064, 532, 355 and 266 nm,

were 1 x lO'", 6 x lO", 2 x lO" and 8 x lO'^ W/cm^, respectively. These calculation
assume a Gaussian, diffraction-limited beam and perfect focusing optics. The dye laser

was of a commercial design and was used in conjunction with Exalite 384, Exalite 389,
Exalite 416 and LD 390 dyes to obtain the vibronic spectra in chapter V.
The Raman cell was used to obtain the data in Chapter VI and consisted of a

stainless steel cell with quartz windows on both ends. In order to perform the

experiments, the cell was filled with hydrogen gas to a pressure of ~ 200 psi. The fourth
harmonic of the YAG (266 nm) was directed into the cell and the various Stokes and

Anti-Stokes lines were dispersed with a Pellin-Broca prism. The desired wavelength was

then directed into the vacuum chamber. The wavelengths of choice were the first AntiStokes line at 239.53 nm (5.18 eV) and the first Stokes line at 299.05 nm (4.15 eV)
which had pulse energies of 20|iJ and 60pJ,respectively.

The timing events for the operation of the laser and the triggering of the nozzle
with the laser operating in the nanosecond and picosecond modes are shown in figure 11-

3-3 (a) and (b). In the nanosecond mode, the timing sequence was initiated by the fire
command from the laser control unit to the capacitor banks. This negative pulse was
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(a)The timing diagram for the nanosecond mode (not drawn to scale)
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(b). The timing diagram for the picosecond mode (not drawn to scale).
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Figure 11-3. Timing Diagram for both nanosecond and picosecond operation.
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directed into a home-made voltage converter which produced a TI L pulse which was
then used as an external trigger for the nozzle. The nozzle was further delayed (~ 85|is)
by the nozzle controller so that the arrival of the gas pulse at the interaction region
coincided with the actual firing of the laser, which occurred ~ 365 |is after the fire

command. The picosecond timing event is shown in figure II-3 (b) and was initiated by

the charge command from the laser control unit to the capacitor banks. This 5V pulse
was put through a delay generator and the resulting output was directed into a pulse
shaper. The pulse shaper was necessary to create a 50% duty cycle pulse which was
essential to run the laser properly. After the pulse shaper, the output was fed into the

controller to externally trigger the pulsed valve. As in the nanosecond mode, the delay

between the opening of the valve and firing of the laser could be varied through the
nozzle controller.

Gases used in these experiments were either used without further purification

(e.g. 1% NO/Ar) or a slush bath distilled or a liquid nitrogen controlled fieeze-pumpthaw cycle was employed before making the mixed gas sample. Gas mixtures were

prepared by condensing the individual components into a stainless steel mixing cylinder,
which was immersed in liquid nitrogen. After all the components were trapped in the
cylinder, the latter was valved off from the gas manifold and allowed to reach room
temperature. The cylinder was then opened to the manifold and the gas mixture was

allowed to expand through the pulsed valve.
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Chapter III

MPI of(NO)^(Ar)^ Clusters

Introduction

The coupling of supersonic beams and mass spectrometry has enabled scientists
to study many weakly-bound atomic and molecular clusters. Mass spectrometer based

experiments have been used to provide information on the stability and fragmentation
mechanisms of both neutral and ionic clusters. In studying cluster ion distributions, it
was noted that certain-sized clusters exhibited enhancements in their intensities, with

respect to neighboring peaks. These especially stable species were referred to as magic
numbers and were first observed, experimentally, by Echt et

Later experiments by Kriesle et

in xenon clusters.

investigated the dissociation rates of xenon clusters

and found that local minima in these rates correlated with magic numbers in the

distribution. Further evidence for magic numbers in rare gas systems was provided by
Stephens et

who observed enhancements of certain peaks in cluster distributions of

helium. Other rare gas systems such as Ar,

and Ne" also exhibit magic

numbers in their cluster distributions. Magic numbers have been observed in metal

cluster distributions®® and have been explained by shell-closing arguments.
In the early stages of vdW cluster research, it was unknown whether the
observed cluster ion distribution and magic numbers reflected neutral or ionic
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characteristics. It was eventually determined that fragmentation processes played a
major role during and after ionization. Furthermore, the geometrical configuration of the

cluster was observed to change quite significantly, upon ionization, thereby releasing
internal energy. This energy is then distributed into the vdW bonds causing the
evaporation of weakly-bound species and leading to a time-dependent evolution of the

cluster distribution®'. Therefore, the final ion distribution is a convolution of the neutral
cluster distribution, size dependent ionization cross-sections and neutral and ion cluster
fi-agmentation and decay rates. There have been attempts to relate neutral and ionic
cluster distributions by modeling the direct ionization of the neutral and the subsequent

evaporative decay of the cluster ions.'"'"*'^. The degree of fragmentation depends very
strongly on the amount of excess energy that is deposited into the cluster. Magic
cluster ions are formed by the fragmentation of larger cluster ions that remove the excess
energy by the successive evaporation of monomers from the cluster. In certain cases, the

dominant evaporative channel involves the ejection of a dimer. The apparent stability of
a certain-sized cluster is a reflection of a barrier to further evaporation which may be

derived from a variety of sources including, structural factors and electronic bonding
patterns.

Clusters can provide important models for the study of the solvation of ions
because they offer the unique capability of controlling the degree of solvation around an

ionic core. In modeling solvation vdW clusters it was necessary to elucidate the
structure of the cluster and the nature of bonding. Initial work focused on the solvation
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of an atomic ion core by neutral species, such as Xe'^Ar^^^. Later experiments suggested
that, in the case of certain clusters, the central specie was a dimer ion which led to the

appearance of different magic numbers than those that satisfy the icosahedral

model'"

Recently, it has been shown both theoretically'®"'^®® and

experimentally'®'''®^'^®'''®" that, in the case of argon clusters, the core is a trimer ion for
clusters with less than 15 units and a tetramer ion for clusters with greater than 15 units.

Magic numbers have also been observed in various molecular cluster ions such as

(CeHe)", '®' where magic numbers are observed with 14, 20, 24 etc units in the cluster.
'm

The core is considered to be a dimer ion of benzene. Other systems that exhibit magic

numbers include dimethyl ether'®®, cyclohexane and napthalene'®', ammonia'®®'®',
various alcohols"® and clusters of argon ions solvated by various ligands'"'"^.
This chapter describes the measurements of cluster ion distributions in which
nitric oxide molecular ions were solvated by argon atoms to produce clusters of the

form, (NO)j^

cluster ion distribution, produced by two-photon ionization

with 266 nm light, was extensive, where m < 4 and n < 22. Intensity anomalies are
observed at

+ n = 13 and 19 for m = 1 and at wj + « = 19 for m = 2. The reasons for

this are explained later. The enhancements of the two cluster species (at 13 and 19) are

explained in terms of magic numbers and the formation of exceptionally stable clusters
with highly symmetric structures. Similar cluster distributions have been previously

observed by Kung et a/.'" who expanded mixtures of NO and argon through a nozzle
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and irradiated the skimmed molecular beam with 381.5 nm light in order to ionize the

sample (2+1) via the C state of NO. However, they did not discuss the intensity
anomalies in their mass spectra. Magic numbers for n = 13, 19 and 55 have also been

observed by Lezius et a/.""* in NO'''(Ar)^ clusters. The authors produced the clusters by
expanding neutral argon gas into a differentially pumped chamber which contained
stagnant NO gas. The NO was ionized with an electron beam at varying energies. The
magic numbers in the spectra were explained using icosahedral shell arguments When
clusters of NO/Ar were four-photon ionized using 532 nm light, the only cluster ions
observed involved the solvation of a nitric oxide monomer ion by argon atoms. This

distribution is discussed in terms of the photodissociation of larger clusters of nitric
oxide. The same magic numbers were observed in this distribution as those obtained by
ionizing with 266 nm light

Results and Discussion

The time-of-flight(TOP) mass spectrum in fig III-l was obtained by irradiating a
supersonic molecular beam with 30 ps, 266 nm pulses. The molecular beam was

obtained by expanding a 1% NO/Ar mixture at 100 psi backing pressure. The cluster ion

distribution is quite extensive and is dominated by four cluster series, namely
(NO'^CAr) ,(NO):t (Ar) ,(NO):t (Ar) and (NO)T (Ar). The largest number of argon
n

^

11

^

II

^

11

atoms solvating a nitric oxide (or a nitric oxide cluster ion) is 23. Experiments have
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Figure III-l. The (NO)^(Ar)^ cluster distribution following two-photon ionization with 266 nm light.
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been performed in which up to 45 argon atoms have been observed. The most intense

peak in the spectrum is that of NO^ which is followed by the Ar"*" ion, separated by 10

amu. The peak at 60 amu corresponds to the(NO)^ cluster after which the (NO)^(Ar)^
series begins with its first member, NO''"Ar, at 70 amu. The argon dimer, at 80 amu, is

also observed in the mass spectrum. The tetramer,(NO)^ at 120 amu,is the largest pure
nitric oxide cluster that is unambiguously observed. The four cluster series arrange

themselves in a repeating pattern of quartets in which the total number of units within a

cluster, of the form (NO)jJ^

remains constant. The quartet begins with the

smallest peak, corresponding to the cluster with the largest m, and progresses in 10 amu

intervals to the largest peak which is due to NO"'"(Ar)j^. Figure III-2 shows an example
of a particular quartet in which m + n = l.

There are certain ambiguities that must be addressed in the assignment of

clusters, containing foiu* nitric oxide molecules. Since the mass of(NO)^ is very similar
to that of(Ar)2 the two peaks would appear at the same time in the spectrum. The mass
spectrometer that was used in these experiments did not have a sufficiently high

resolution to distinguish the small mass difference between (NO)^ and (Ar)^ .
Experiments with "NO have shown that the nitric oxide tetramer and argon trimer are
equal contributors to the peaks in question. However, at larger cluster sizes, the NO
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Figure III-2. Expanded portion of the spectrum in figure III-l showing a particular quartet where the total number of species
m + n = l.

tetramer becomes the major fraction of the peaks. This is consistent with the ionization
potential (IP) of NO,at 9.264 eV, being significantly lower than that of argon, at 15.759
eV. The IP's of both large argon and NO clusters are lower than the monomers.
Therefore, the ionization of the NO tetramer would require only two photons, of 266 nm

light(4.66 eV), as opposed to the argon trimer, which would require four photons. The

TOP mass spectrum in figure III-3 shows a 1% '^NO/Ar mixture that was ionized with a
30 ps, 266 nm pulse. The cluster distribution is very similar in extent and form to that in
figure III-l. A vertically expanded section of a high mass region is shown in figure 111-4

in which the (Ar)j*j cluster ion is observed weakly. Furthermore, the mixed cluster

peak,(''N0)4 (Ar)^ is shifted by four amu to higher mass. The ('^NO)^ (Ar)^ peak is a
factor of three more intense than the argon cluster ion peak. At even higher cluster

sizes, the(NO)^(Ar)^ cluster ions are ten times more intense than the neighboring argon
cluster ion. This proves that the larger cluster ions that had mass ambiguities in figure

ni-l. were due mainly to the(NO)^ (Ar)^ series and not to the argon cluster ions. The
mass spectra that are shown here were obtained by varying the voltages on steering
plates at the front of the flight tube in order to optimize the observation of larger clusters

while still allowing for the observation of lighter ones. The reason being that since all
the clusters have a component of kinetic energy that is perpendicular to the TOP tube,
the larger clusters require an additional "push" in the opposite direction to compensate

for this kinetic energy. Failure to do so results in the observation of a severely curtailed
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cluster distribution in which the larger clusters are absent due to them hitting the sides
of the TOF tube upon extraction.

The similarity in the mass of(NO)^ and (Ar)^ also causes ambiguities between

mixed clusters e.g. NO^(Ar)g has the same mass as (NO)^ (■^)2
However, within a particular quartet, the trend in intensity progresses from small to large
as a function of m. That is, those peaks with greater numbers of nitric oxide molecules
are lower in intensity than those with relatively fewer NO molecules. Therefore, any

contributions from the (NO)j (Ar)2 to the peak at mass 230 are minor.

Excess Energy

The amount of excess energy that is deposited into a cluster, greatly affects the

fragmentation rates and its final size. It was demonstrated that upon ionization, the
formation of an ionic core, both atomic and polyatomic, releases a significant amount of

internal energy''. This energy is dissipated by the evaporation of neutral species which
are bound to the core by vdW bonds. Furthermore, excess energy due to the interaction
between the ion and induced dipoles is also released via evaporative processes. Table

TTT-1 summarizes the known ionization potentials for nitric oxide"', nitric oxide
clusters"®'"''"® and ArNO"''"°.

Also given are the neutral and ion dissociation

energies. It is evident, from the table, that the ion dissociation energies, for nitric oxide

dimer, are significantly higher than their neutral counterparts. A consequence of this
34

TABLE ni-l. lonization and dissociation energies(eV)of nitric oxide clusters.

U\

D+ a

AE"

6.50

10.851

0.055

8.745

0.088

0.608

0.520

37

8.486

not known

—

—

37

8.39

not known

—

—

37

8.32

not known

—

—

37

8.28

not known

—

—

40,41

9.159

0.0107

0.116

0.163

Species

Reference

IP

NO

47

9.264

(N0)2
(N0)3
(NO)^
(NO)^
(NO),

38,47

NOAr

•Dj[(NO)^ti + NO]= IP[(NO)^.^] - IP[(NO)J + og[(NO)^^+ NO]
"AE = 2 X 4.66 - IP[(NO)J.

phenomenon is that the two-dimensional potential well, along the N-N bond is much
deeper in the case of the ion and hence, the intemuclear distance is slightly shorter. Any
transitions to this electronic state would then populate high vibrational levels which

predissociate and cause the weakest bond within the cluster to break. The last column in
table III-l shows the excess energy that is left in the cluster after the absorption of two

photons of 266 nm. This is graphically portrayed in figure III-5. From experimental
studies it has been seen that the IP of nitric oxide clusters decreases as a function of

increasing cluster size"®.

Furthermore, experiments to investigate fragmentation

mechanisms as a function of electron energy, showed that for up to the pentamer, the

preferred fragment is the nitric oxide monomer ion'^'. The fragmentation process in
nitric oxide clusters occurs with the evaporation of neutral nitric oxide molecules, that

are bound by purely vdW bonds. It is expected that the excess internal energy within

NO/Ar clusters is dissipated by the evaporation of argon atoms because the NO^-NO
bond is much stronger (0.598 eV) than the NO^-Ar bond (0.116 eV). The evaporation
process proceeds until the remaining energy is insufficient to break the weakest bond in
the cluster.

It is conceivable that most of the excess energy is carried off by the exiting

electron but this is deemed highly unlikely as the Franck-Condon overlap leads to high
vibrational excitation of the ion and hence, the excess energy is believed to reside in the

ion. The dissociation process in the clusters is believed to be very rapid on the detection
♦
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timescale as no broadening of cluster peaks is observed .
36

10 r LP.= 9.264 eV I.P.= 8.745 eV I.P.= 8.486 eV I.P.=8.390eV
AE = 0.056 eV

AE = 0.608 eV

AE = 0.834 eV

AE = 0.930 eV

J

J

l\

8

>

A

A

bO
<o

c

266 nm

NO

266 nm

(NO).

266 nm

(NO).

266 nm

(NO),

Figure in-5. Schematic energy level showing the two-photon ionization of(NO)^
(n = 1-4) clusters. The ionization potential and the maximum excess energy are
also given.
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Magic Numbers
Cluster ion distributions are known to reflect ion stabilities rather than neutral

ones. Furthermore, the distribution is a convolution of neutral cluster number densities,

size dependent ionization cross-sections, amount of excess energy deposited into the

cluster and energy dependent evaporative processes. The appearance of magic numbers
within a cluster distribution is largely due to the evaporation of neutral species from a
cluster ion until a stable configuration is reached.

This section will discuss the

observation of these magic numbers in NO/Ar cluster distributions. Magic numbers are

a result of the formation of especially stable structures and symmetric structures.
Figures 111-6 (a) and III-6 (b) show expanded spectra of high mass regions of
figure III-l. The magic number at /w + n = 13 can be seen as an intensity enhancement
of N0'^(Ar)i2 relative to NO"'(Ar)ii and N0"'(Ar)i3. Similar intensity enhancements are

observed in figure III-6 (b), where the peaks corresponding to NO^(Ar)jg and (NO)^
(Ar)j^ are especially stable relative to their n-1 or n+1 counterparts. In these clusters,
the total number of units add up to 19. All of the magic numbers have been marked with

an asterisk. Magic numbers are not observed for(NO)^ (Ar)^^ or for(NO)^ (Ar)^^ and
(N0)3 (Ar)^g or (NO)^ (Ar)^ and for (NO)^ (Ar)j2 even though the total number of
units within the cluster add up to a 13 and 19. As will be discussed in subsequent

paragraphs, the absence of stable structures for these species is due to the large size of
the ion core which distorts the icosahedral symmetry of the cluster. Figure III-7 shows
38
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the intensity of the cluster distribution as a function of size. The inset focuses on the
two regions that were discussed above. As was noted before, the spectrum in figure III-6
(a) shows the increasing intensity of a cluster, with decreasing m, in a particular quartet.

However, this trend does not continue after N0'^(Ar)i2. Instead,(NO)^ (Ar)^^ peaks are
observed to dominate of rest the spectrum. This is explained by the increasing stability

of the dimer solvated cluster ions and to the stability of the NO'''(Ar)j2 peak towards
dissociation.

Magic numbers at n = 13 and 19 have been observed not only in homogeneous

rare-gas clusters®"®' ®^ ®^ ®^''^ such as xenon and argon but also in rruxed clusters®''^'''*'"^
Experiments by numerous groups have shown that n = 14 is especially stable in cluster

distributions of Ar and Kr^, and Ne*'. This stability has been explained by assuming a

dimeric core model for the cluster of the form Ar^ (Ar)j2- Experiments where n = 13
was observed were rationalized by using a "trimeric core" model in which the diatomicsin-molecules method (DIM) was employed to obtain stable structures for a linear trimer

ion core solvated by neutral species'*"'^.

The magic numbers for (NO)jJ^

m + n = \2> and 19 are

attributed to geometrical factors, namely the formation of an icosahedron and double
icosahedron structures.

These structures which have been theoretically treated,

maximize the number of ion-neutral and neutral-neutral interactions'^. The structures in

figure 111-8 show the structures responsible for the stability of the aforementioned cluster
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Figure III-8. Potential "magic" structures for(m + /i = 13)(icosahedron) and {m + n = 19)(double icosahedron)

species. The single site in the icosahedral structure could accommodate an NO^ with
the solvation shell consisting of argon atoms. The lack of a magic number for the(NO)^
(Ar)jj cluster is due to the size of the nitric oxide dimer ion which would destabilize the
ion-induced dipole interactions and destroy the symmetric nature of the icosahedral
structure. The double icosahedron, on the other hand, has two sites which could be

occupied by the nitric oxide dimer ion or in the case of the NO^(Ar)jg cluster, the two
sites could be occupied by a nitric oxide ion and an argon atom. It has been suggested

by Stace''* that in the case of ArJ"*" clusters, the n = 18 species does not form an
icosahedron but instead forms a face-centered-cubic structure. This is due to the ion core

being atomic and not dimeric. The similarity in the polarizabilities of Ar and NO and in
the intemuclear distances , 3.76 A and 3.71 A, respectively, would suggest that there is
no preference for either the argon or NO as the core species. Indeed, in the neutral

cluster distribution, the magic number at n = 19 may be in the form, NO-NOAr^.^ with
one or both of the nitric oxide molecules on the solvation shell. However,in the case of

the ion, the charge is believed to be localized on the(NO)^ ion which is then solvated by
argon atoms. The degree of localization is highly dependent on the IP of the moieties

involved in the cluster. This was demonstrated by Ozaki et a/."' who argued that the

species with the lower IP would have the charge localized on it. In the case of(NO)j^
(Ar)j^ clusters, both the nitric oxide monomer and dimer have lower IP's than argon and
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so are expected to reside at the core of the cluster as ions. The addition of non-spherical

solvent molecules around an ion core, as in Ar^X"*", where

= N^, Xe, CO^ and

CH^OH also produces magic numbers at ^=13,19 and 55'". This is despite the fact that
the difference in geometric shapes between the different ions cause the interaction
potentials between these ions and argon to be different from one another.
The effect that the size of the core ion has on magic numbers is also observed by

Stace'"® in clusters of argon and dimethyl ether. Intensity enhancements were observed
for both Ar,,-CHO''" and Ar,„-CHO^ and these were attributed to the formation of an
LZ

lo

icosahedral structure in which an atomic oxygen cation sits at the center of the

icosahedron and the hydrocarbon part, which is linear, juts out from the body of the

cluster. In the case of Ar^-(CH3)20^ and Ar^-CH30CH2^ the large size of the methyl
and methylene groups distort the symmetry of the icosahedron and double icosahedron
structiu-es and hence, magic numbers for n = 18 are not observed.

It is possible to compare the present results with those obtained by Kung et

and Lezius et a/."'', both of whom observed clusters of the form (NO)j^
ion seed technique. In both cases the nitric oxide was ionized by electron impact and
then mixed with argon to facilitate the formation of the mixed clusters. The magic
numbers that are observed in their mass spectra are identical to those observed in our

experiments. This suggests that the formation of these clusters is not dependent on the
method of ionization. In contrast, different magic numbers are observed for pure argon
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clusters depending on the type of ion core that is produced. An argon dimer ion core
leads to extra stability for n = 14, 16, 19, 21, 23 and 27 while a trimeric ion core

produces the n = 13,16,19,23 and 27 magic numbers^'. Kung et

observed a more

extensive spectra than those displayed in this chapter in which they were able to make

(NO)jJ^

larger numbers of nitric oxide partners(m < 15).

Photodissociation of(NO)|J^
If a 1% NO/Ar mixture is irradiated with 532 nm light, a dramatically different

cluster distribution is observed. Figure III-9 shows a mass spectrum taken under these

conditions and the most striking feature is that only the NO^(Ar)^ series is observed.
The clusters that have more than one nitric oxide molecule have been photodissociated.

However,those magic numbers observed in 266 nm case, for NO'^Arn, are also produced
in figure 111-9 and are labeled with an asterisk (n = 13,19 and 23). Conditions have been
found where the cluster corresponding to the formation of a second complete solvation

shell, NO^(Ar)j^, has been observed to be magic. The process of photodissociation is an
interesting one in spectroscopy because it provides information about the energy, shapes

and symmetries of excited potential surfaces'^'.
The clusters with more than one nitric oxide could be photodissociated by
transitions in the neutral or ionic manifold of electronic states. The energy level diagram

in figure III-IO. shows that it would require at least four photons, at 532 nm, to ionize
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any (NO)^ clusters. The first and third photons access energies that are not probed by
266 nm while the second photon falls short of the known dissociative channel of NO

dimer into NO* + NO'^''. The laser being used in these experiments has a 20 ps pulse
width and even when it is specifically tuned to the dissociative resonance, at 217.8 nm,
complete dissociation is not observed because the peak power of the short pulse is

sufficient to cause the molecule to absorb an additional photon and become ionized'^'.
Therefore, the photodissociation of the NO dimer must be occurring in the ion where it

absorbs four photons (see figure III-10) to ionize, leaving it with some excess energy.
After the dimer ion relaxes to its ground state, a fifth photon is absorbed which then

accesses the known ion dissociative state for(NO)^ • Furthermore, two photons of 355
nm light and three photons of 532 nm light access the same absorption in the neutral
manifold of the dimer and, therefore, if the dissociation was occmring in the neutral, the
mass spectra obtained at these wavelengths should be identical. However, the 355 nm

light produces a cluster distribution that is intermediate between those obtained by 266
nm and 532 nm.

Experiments performed by Jarrold et

have investigated the dynamics of

photodissociation for both the (NO)^ and (NO)^ and have found that both species have
dissociative absorptions over a wide wavelength range (488-660 nm). The dissociation
process strongly depends on the amount of internal energy that the clusters possess upon

ionization. Photoelectron spectroscopy'^' and ZEKE"^ have shown that the Franck-
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Condon factors limit the amount of vibrational excitation in the NO dimer ion to a few

quanta in a low frequency torsional bend and the NO symmetric stretch. These data are
consistent with our observation of mixed clusters with a large number of nitric oxide
molecules with 266 nm light The observation of intermediate cluster distributions, when

using 355 nm, suggests that the dissociation process at this wavelength is less efficient
than at 532 nm.
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Chapter IV

Laser lonization of Homogeneous and Binary Molecular Clusters of Nitric Oxide

Introduction

Nitric oxide (NO) is a simple molecule which is quite prevalent in nature.

Together with other nitrogen oxides, NyO^, it plays an important role in atmospheric
processes such as the formation of photochemical smog, acid rain and it is partly
128

responsible for the depletion of the ozone layer in the upper atmosphere . Nitnc oxide

has also been discovered in various types of cells in the body including the liver, brain

and pancreas'^' and is known to play an active role as a neurotransmitter, as a
130

vasodilator and it is partly responsible for causing various neurodegenerative diseases .
The importance of the molecule in a variety of areas led to its naming as the "Molecule

of the Year" in Science magazine for 1992'^'.
In studying NO, it is important to recognize that it is rarely found in its isolated
form, due to its relatively short lifetime in air (< 6s). In the upper atmosphere, nitric
oxide is thought to cluster with other atmospheric gases. Upon ionization these clusters

are expected to be in the form of an NO^ ion core around which various solvating atoms
and molecules can arrange themselves in aggregates. In these clusters the nitric oxide
molecule is expected to be preferentially ionized because it has a relatively lower IP
(9.26 eV) than other atmospheric gases such as CO2 (13.78 eV), NO2 (9.75 eV) and
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N2O (12.87 eV). One of the most important application of this phenomenon is the

hydration of the nitric oxide cation to form N0'*'(H20)jj ions, hydronium ions and nitrous
acid. These species are important in the understanding of chemical processes that occur
in the ionosphere and also in the stratospheric depletion of ozone. The solvation of
nitric oxide with various species can help to elucidate not only the more fundamental

properties of (NO)jjj(Y)jj species but can also serve as a starting point for understanding
the solution phase chemistry and biochemistry of nitric oxide and nitric oxide containing
species.
Nitric oxide is a convenient molecule to study in the gas phase because it is

simple, has a low ionization potential (IP)(9.264 eV) and yields a stable cation which is
a useful core for solvation. The ability to study solvation processes with nitric oxide is
made possible by the fact that when a heterogeneous cluster is ionized, the charge is

usually localized on the species with the lower IP. Since all of the binary partners
investigated in this chapter have higher IP's than NO,the presence of the latter eases the

interpretation of the structures of the mixed cluster. Due to its relatively low IP, NO can
be used as a spectroscopic tag for a variety of ionic clusters. In this chapter, data are

presented that reveal particularly stable cluster configurations when nitric oxide is

solvated by a variety of molecules namely, CO^^ N^O, NOj^ SOj^ ^2^.^^2

^^6-

In this chapter, the use of 266 nm light to ionize (NO)^^ and (NO)^(Y)^ clusters
proves to be fortuitous because two-photon ionization of nitric oxide at this wavelength
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exceeds its IP by only 55 meV. This greatly reduces the amount of excess energy that

must by dissipated by the cluster. It is expected, however, that the IP's of (NO)^(Y)^
clusters are lower than that of NO.

Results and Discussion

Pure Nitric Oxide Clusters

It has been previously observed'^^ that nitric oxide readily clusters with most rare
gases. Experiments performed in this lab, where NO is coexpanded with argon, have

produced clusters of the form (NO)|J^ and(NO)^

m < 8 and n < 54. Argon

is seen to be the most efficient carrier gas in producing cold supersonic expansions of
NO because of its mass similarity. In general, clustering releases energy in the form of

the heat of condensation which greatly affects the temperature of the cluster, the rates of
further condensation and evaporation and consequently, the observed cluster
distribution. This can observed in the evaporation processes from weakly bound clusters

such as NO-Ar (Dq = 89 cm"')'" and (N0)2( Dq = 710cm ')^^'*. One needs to be
careful in choosing the concentration of the dopant because the greater the concentration
of nitric oxide, the greater the collision frequency between two molecules and the higher
the terminal beam temperature.
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In chapter III, it was demonstrated that a relatively dilute mixture of NO and

argon (~1% NO/Ar) resulted in a cluster distribution that was dominated by the (NO)jJj
(Ar)^ species. In this chapter, experiments performed at a higher concentration of nitric
oxide lead to a dramatically different cluster distribution composed almost entirely of

pure nitric oxide clusters,(NO)^. Peaks identified as due to (N0)|^
(N^O)^^ are also observed in the mass spectrum and are attributed to naturally occurring
impurities in the gas cylinder. These impurities could be reduced by passing the gas

mixture through a cold trap that was immersed in a slush bath of isopentane and liquid
nitrogen (~ -135 °C). Such binary clusters are interesting in their own right and will be
discussed later in the chapter.

Figure IV-1 shows the low mass region of the time-of-flight mass spectrum

produced by ionizing an expansion of a 100 psi, 5% NO/Ar mixture with 30 ps pulses of
266 nm light There are two striking features in this mass spectrum that must be

addressed. First, the odd (NO)jJ^ ions are more intense than their even counterparts.
This odd-even effect is seen weakly for m < 8 but becomes stronger thereafter. Second,

after m = 19 only the odd (NO)|J^ cluster ions are observed, as is seen in figure IV-2.

The intensity of(NO)^ , as a function of m, is displayed in figure IV-3. Similar odd135

even alternations have been observed in (N0)|^ clusters by Kung et at.
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investigated (NO)jJ^

grown around an NO^ seed. The odd-

even intensity effect was observed for up to m = 15. Woodward et al}^^ subsequently
observed an odd-even intensity alternation when they investigated the infrared

predissociation dynamics of (NO)j|^ X (where X = SF^ or CjH^). The odd-even effect,
for m, was prevalent in both cases and furthermore, the fragmentation patterns for odd
and even cluster ions were found to be different :

(NO);^ -X-hhv^CNO);^., - X + NO (meven)

(IV-1.1)

(NO);;, • X -h hv ^(N0);;._2 • x -i- 2N0 (m odd)

(IV-1.2)

Carman'^' has also observed a strong intensity alternation (odd > even) in negative nitric
oxide clusters, which were produced by the Rydberg charge exchange technique.
This odd-even intensity alternation reflects an enhanced stability due, not to

structural factors as in the case of (NO);J;

electron pairing effects.

Nitric oxide has a ^Ilj ground state with an electron configuration in which there is one
unpaired electron in a 7t* orbital [KK

extensive dimerization of nitric oxide in the condensed phase as the two unpaired

electrons become paired in a partially bonding orbital of the dimer'^^. The dimerization
of NO was first discovered when researchers were investigating its thermodynamic

properties'^^"'''. Later, Raman spectroscopy of both solid and liquid NO confirmed this

result'^. The energetically preferred structiu"e of the NO dimer has been determined by
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both x-ray diffraction''*' and microwave spectroscopy''*^''"^ to be cis-planar structure
with a C^y symmetry. Experimental measurements of the quadrupole coupling constants
have shown that the unpaired electron on each monomer pair up in an orbital which lies

in the plane of the NO dimer'""*^. Ab initio calculations have shown that this orbital is

a a-type bonding orbital between the two N-N atoms''*^. The bond energy of the NO

dimer has been determined by Hetzler et

to be 710 ± 40 cm"^ which is unusually

large for a van der Waals molecule. This type of bonding has been referred to as "an
incipient chemical bond".
A consequence of this dimerization is that for neutral clusters, the even members
are expected to be more stable than the odd ones because they have all of their electrons

paired up. However, for the ion, either negative or positive, the argument is reversed
and the odd clusters are more stable since all of their electrons are spin paired. Similar

electron-pairing arguments have been observed in metals''*'""*^ and cluster distributions
of nitrogen dioxide

Polarity experiments using molecular beam electric deflection

have established that the NO monomer and dimer ions are both polar while the trimer

and tetramer are non-polar''".
An important aspect of the cluster distribution in figure IV-2 is the increase in
the odd-even effect as the cluster size increases. Electron-pairing arguments alone are

insufficient to explain this phenomenon. This contrasts with what is observed in metal
clusters where the odd-even effect decreases very rapidly with increasing cluster size.

This decrease occurs because the heats of vaporization for odd and even cluster ions
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approach the same value in the limit of very large clusters namely, the heat of
atomization of the bulk metal'^'. Nitric oxide is different because it is almost completely
dimerized in the bulk and dimer formation plays a critical role in determining the cluster
distribution of nitric oxide.

Carman^" has suggested that dimerization within the cluster leads to a difference
in the rates of evaporation of odd and even cluster ions. If one models the cluster ions

as a NO"^ core (or possibly (NO)^ ), solvated by dimers and at most a single monomer,
the activation energy for evaporation of an unpaired monomer will be lower than that for
evaporation of a "dimerized" monomer. Within this model, an even cluster ion would
lose a monomer to become odd, while an odd cluster ion would lose a dimer to remain

odd. The odd ion is not expected to lose a monomer over a dimer because the dimer
units in the solvation shell are held by typical, weak, vdW bonds while the energy to

dissociate a dimer is substantially higher. This effect becomes greater as the heat

capacity increases (i.e. the cluster size increases) and has been modeled by Klots'^°.
Further experimental verification of this effect has been obtained by Woodward et al."^.
It is important to address the weak nature of the odd-even effect for clusters of m
< 8. For cluster bigger than this the effect is very clear and is characterized by the
arguments listed in the previous paragraph. A weak odd-even alternation was also

observed by Kung et

for nitric oxide in (NO)jJ^ and (NO)j^

There

are two possible explanations. First, the stability of the clusters with m < 8 could be due
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to structural factors rather than electron-pairing effects in whereby the m = 7

corresponds to the formation of a complete solvation shell. Second, the amount of

excess energy greatly affects the evaporation process and hence, the appearance of
magic numbers. Therefore, smaller clusters, which have very little excess energy, may

not be able to dissipate the their excess energy by evaporating neutral clusters thereby
hindering the appearance of enhanced stability for odd cluster ions.

(NO)j^(NjO)^ and (NO)^

clusters

These species were observed initially observed in both the 1% NO/Ar and the 5%

NO/Ar mixtures in the form of (NO)||j N2O and (N0)||^ NO^ clusters. The odd-even
effect that was observed in the pure nitric oxide clusters is also observed for the
aforementioned species in figure IV-1. For the peaks containing nitrous oxide, the odd
cluster ions (m is odd) are more intense than the even ones while for peaks containing

nitrogen dioxide, the even cluster ions are more intense (m is even) than their odd

counterparts. In the case of(NO)^ N^O clusters, both nitrous oxide and odd (NO)^
species have an even number of electrons and since the total number of electrons within

these binary clusters is even, they exhibit enhanced stability. In (NO)j^ NOj clusters the
nitrogen dioxide molecule has an odd number of electrons and so enhanced stability for

these peaks can only occur if it is complexed to an odd electron containing (NO)|^
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species to make the total number of electrons in the binary cluster even. Hence, even m

species in (NO)^^ NO^ clusters are stable relative to the odd ones. These data suggest
that, for (NO)jJ^ NO2 clusters, the electron pairing might lead to a form of chemical
bonding between the nitric oxide cluster and the nitrogen dioxide. The first member of

the series, NO-NOjis a well known molecule (also known as

The existence

of nitrous oxide and nitrogen dioxide impurities in samples of NO was investigated by a
number of groups who found that the latter decomposes into nitrogen, oxygen, nitrous

oxide and nitrogen dioxide'^^ The decomposition reaction

3N0(g)

NjOCg)+ NO^Cg) AG°= -24.6 kcal

(IV-2)

is believed to occur readily at elevated pressures''^.
These decomposition reactions could also occur within neutral or ionic clusters
of nitric oxide.

Any impurities formed this way, and later ionized, would be

indistingiushable in a mass spectrometer from those formed in the gas cylinder.
However, it is highly unlikely that a photoinduced reaction is taking place because first,

the intensity of the (N0)|^ NO2 and (N0)|^ N^O clusters did not exhibit a power
dependence. Second, when a new

sample was used, no mixed clusters were

observed. Furthermore, it was possible to eliminate most of these impurities from the

sample by passing the gas through a cold trap before expanding it through the supersonic
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nozzle. These impurities, in the form of mixed clusters, have been observed in many

experiments

with both positive'^' and negative'^',^'^ nitric oxide clusters.

When nitrous oxide is intentionally doped into a mixture containing NO and
argon, the cluster distribution that is observed depends on the relative concentrations of

NO, N^O or Ar. The mass spectrum resulting from ionizing the expansion of a 10%

NjO/ 1% NO/ 89% Ar mixture with 30 ps pulses of 266 nm light is shown in figure IV-

4. Two cluster series, NO'^'CN^O)^ and (N20)jJ^ , characteristic of an expansion rich in
NjO, are seen to dominate the spectrum. The pure nitric oxide clusters are formed by

the absorption of additional photons by NO^CN^O)^^ clusters which then undergo
dissociation and charge transfer to form (N20)|J| . This type of process has been
previously observed by Miller et

who produced Ar^, Kr"*" and Xe^ after the

ionization of the NO-X (where X = Ar, Kr or Xe). Although (N20)jJ^ are not completely
dissociated by 266 nm light, their fragmentation dynamics have been studied by Kamke

et al}^^ who used synchrotron radiation (55-110 nm) to irradiate nitrous oxide clusters

and observed the loss of a neutral N2O molecule for clusters up to the hexamer. Large
positively charged nitrous oxide clusters have been produced in electron impact
1 ss

experiments and magic numbers in their cluster distributions have been observed . In

the present experiment, however, (N20)jJ^ cluster were not observed when nitrous
oxide was expanded only with argon. This implies that either nitrous oxide clusters are
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Rgure IV-4. The 266 nm MPI mass spectrum produced by a 10% N20/l% NO/89% Ar expansion showing the(NjO)^^
and the N0"'"(N20) cluster series.

not easily ionized by 266 nm light (three photons are required) or, that they undergo
complete dissociation in the neutral or ionic manifold of electronic states. It is more
likely that they are dissociated as neutrals because other clusters, such as Xe^ and

(C02)jj, have been successfully observed following three-photon ionization.
There are studies that have investigated both the homogeneous molecular

clusters and the binary molecular clusters of N^O and NO2. There are two reviews that
have examined NyO2 species quite extensively'^''^^^. The energetically favored structure

for (N0)2 has been determined by microwave spectroscopy to be a cis-planar structure

with a C2y symmetry'^'. Infrared spectroscopy has been used to determine the

structures of both (N02)2''*''^^

(N20)2'^ . The molecule N0-N02 (or N2O2) has

been extensively studied in matrix isolation experiments'''"''^. Photoionization studies of

(N20)2 ions were performed by Linn et a/.'^' in the 600-1200 A range. Later, high
pressure mass spectrometry was used to determine the bond strength of NO^N20 as
0.33 eV'®^ which is lower than that of (NO)^ (0.598 eV) or (N20)2 (0.80 eV).
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Recently, Hiraoka et

used electron-beam high pressure mass spectrometry to

obtain bond energies and structures for N0^(N20)^(n < 7). Their estimate for the bond

energy of N0^N20 (0.38 eV) is slightly higher than those obtained by Illies'^^.
Photoelectron spectroscopy'®^ and electron-beam high pressure mass spectrometry'®'
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have yielded bond strengths, structures and solvation energies for (N20)j^ and NO
(N^O)^.
The previous paragraphs showed that when the concentration of nitrous oxide

was much lower than nitric oxide, the (NO)^ N^O clusters were observed but when the

concentration of nitrous oxide was much greater than NO,both N0^(N20)^ and (N20)j^
were produced. The intermediate case, where the concentration of nitrous oxide was
approximately equal to that of NO, produced a dramatically different cluster distribution

in which (NO)^

observed (where m < 9, n < 20). Figure IV-5

shows the low mass region of a (NO)|J|

spectrum in which the (NO)^ N2O

peak is significantly larger than its dimer or tetramer counterparts. In fact, in figure IV-

6, which shows the entire mass spectrum, the (NO)^ (N20)^ cluster series (n < 20)
dominates the spectrum and is 5-10 times larger than any other cluster series. This is a

different type of "magic" than the (NO)jJ^ (Ar)^ where only specific sized clusters
exhibited enhanced stability (m + n = 13, 19 and 55). These data suggest a stable

configuration is produced when nitrous oxide clusters are complexed to the (NO)^ unit
It must be noted that in the 1% NO/Ar expansion the intensity of the NO trimer ion

decreased monotonically while in the 5% NO/Ar the NO trimer only had minor increased

intensity relative to such a monotonic decay. In the case of(NO)^ (N20)j^, the (NO)^
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observed at the high mass side of the largest peaks is an experimental anifact.
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Figure IV-6. The 266 nm MPI mass spectrum produced by a 1% NjO/S^i NO/ 94% Ar expansion showing the dominance

of the (N0)3"^(N20)„ series.

unit provides a core around which neutral solvent molecules can aggregate. The data
suggest that the stability is brought to the cluster by the complexing agent and not by the

(N0)2 unit
Recently, calculation were performed to elucidate the structure of clusters of the

form (NO)^ (NjO)^ and it was postulated that the nitrous oxide molecules added

exothermically to a stable, cyclic (NO)^ ion'®'. In our case, the binary cluster would be
formed as a neutral. A stable, cyclic structure for (NO)^ would explain the dominance
of the (N0)2 (NjO)^ over the dimer and tetramer mixed clusters. The structure
proposed by Jones'®' would have the cyclic trimer arranged so that the nitrogen and
oxygen atoms alternate in the following manner.
.N

O

This would result in the formation of a nonpolar moiety which agrees with the
experimental work of Novick et

A less likely arrangement would have the nitric

oxide trimer as a linear string of three nitric oxide molecules solvated by nitrous oxide

molecules. This configuration, however, does not explain why a linear arrangement of
three NO's would be favored over any other number. Another possibility could involve
the rearrangement of the NO trimer to N»O NO- and then the cluster series would have
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the form NO^(N20)^^j. In fact reaction IV-2 could account for this result. Attempts

at producing (NO)^ (NjO)^ from expansions of NO^ and N^O were unsuccessful,
indicating that cluster disproportionation is unlikely.

(NO)^(COj)^ and(NO);(CSj)^ clusters
It was expected that both carbon dioxide and carbon disulfide would exhibit the
same behavior as nitrous oxide because they are not only isovalent (have the same

number of outer electrons) with the latter but they are all linear molecules in their ground
states.

Figure IV-7a, rV-7b and IV-8 show the cluster distributions that were obtained
in three carbon dioxide concentration regimes. Figure 7a shows a mass spectrum

resulting from a 100 psi, neat CO2 expansion following three-photon ionization where
clusters are observed out to n = 20. This is in contrast to the nitrous oxide case where

the( N2O); cluster aren't observed with 266 nm light Similar positive cluster ion
distributions have been observed following electron impact'" while negative carbon
dioxide clusters have been observed with both electron beams'" and Rydberg charge

exchange'^'. The negative cluster ion distributions, with both of the above techniques,

produce various magic numbers. Figure 7b shows a mass spectrum of a 5% C0^\%

NO/94% Ar following two- photon ionization where both N0''^( 002)^^ and (CO2);
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Figure IV-8. The 266 nm MPI mass spectrum produced by a 1% COj/l^c NO/98% Ar expansion where the concentration

of the CO2 is approximately equal to that of NO. Note the dominance of the (N0)3''^(C02)n series.

series were observed. This relatively high concentration of carbon dioxide produced a

similar mass spectrum as what was obtained from a 10% N20/l% NO/89% Ar mixture.

In figure IV-8 the concentrations of both COj and NO are approximately equal which

leads to a distribution in which the (NO)^ (C02)|^ is the dominant series, which is similar
to the nitrous oxide case.

Experiments have been performed on a few of the homogeneous and mixed
clusters to elucidate their structures and thermodynamic stabilities. The bond strengths

of(002)2 and N0^C02 have been determined by lUies'^^ to be 0.69 eV and 0.37 eV
respectively. High pressure mass spectrometry has been used to obtain the bond

dissociation energies for N0'^(C02)j^ (n < 5) while ab initio calculations have yielded
structural information'^. Hiraoka et al}^ have argued that NO^C02 is responsible for
the observation of hydronium ions in the D region of the Earth's atmosphere.

Mass spectra have also been obtained for ^OlCS^hi expansions using 266 nm
light A l%/5% NO/94% Ar mixture produces a cluster distribution that is dominated

by(N0)2 (CS2)jj cluster series, similar to those obtained for carbon dioxide and nitrous

oxide (see figure IV-9). It is expected that the structures of (NO)^ (^82)^^ clusters are
very similar to those involving nitrous oxide and carbon dioxide, since they are all linear
and isovalent
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Figure IV-9. The 266 nm MPI mass spectrum produced by a 1% £$2/5% NO/94% Ar expansion showing the dominance

of the (NO)3''^(CS2)n series.

(NO)^ (SFg)^^ clusters
Figure IV-10 shows the time-of-flight mass spectrum produced by ionizing an

expansion of a 100 psi, 1% SF^/5% NO/94% Ar mixture with 30 ps pulses of 266 nm

light. Three series of the form, (NO)^

m < 3 and n < 15, can be

identified. Clusters of sulfur hexafluoride are not observed, however and SF^ was
observed as a fragmentation product. In addition to the series identified above, figure

IV-llb shows the SF^

distribution, built upon the SF^ fragmentation product.

This was also the case when a neat expansion of SF^ was irradiated. In figure IV-llb,
an expanded portion of the low mass region of figure IV-10 is shown which extends out

to n = 12. Those peaks with an asterisk are believed to correspond to the ternary cluster

series,(NO)^ N20(SFg)^.
A striking aspect of the distribution in figure IV-10 is that in mixed clusters of

(N0)|^

members are observed for m > 3. This is in marked contrast with the

nitrous oxide case where (NO)jJ^

m > 3 were observed. The SF^ data can

be explained by considering that for clusters with m > 3 the NO SF^ bond is much

weaker than the SF^ SF^ bond. Therefore, in order to dissipate excess energy, this leads
to a preferential evaporation of NO molecules upon ionization. A similar process has

been observed by Stace et a/.'®' where they investigated the fragmentation patterns of

74

>

-2

Ul

-4

5

I

-6

I

I

I

I

1

1

i

1

.

11
I

I

1
I

I

3
I

I

1

5
1

I

1

I

7

9

1.

I

I

1

1

I

1

1

11

.
13

1

.

<

(Nor(siy„

15

(N0);(sf,)„

NO^(SR).,

10
0

500

1000

1500

2000

2500

3000

Mass(amu)

Figure IV-10. The 266 nm MPI mass spectrum produced by a 1% SF^5% NO/94% Ar expansion showing the dominance

of the (NGlj'^'CSF^jj series. Peaks with an asterisk are members of the (N0)3''"(N20)(SF^)|^ ternary cluster peaks.

0.2

(a)

SFstSF,)^

\no):(sf.)

> 0.0
B

/\

(NOr(SF,), N0^(SF,)3

I -0.2

l\
-0.4

(NO):(SR)
6''3

(no);(SF,)2
NO-(SF,),

300

-

350

400

T

450

500

550

600

r

(b)

>

B

iHnr^

0

N0-(SF,)3

(N0);(SF^3

C/)

a

N0^(SF,),
6>'2

(U

5 -1

(N0)-(SF,)3
(NOrCSFA
6''2 (NO)^(SF,),
6^2

-2

300

350

400
450
500
Mass(amu)

550

600

Figure IV-l 1. The low mass region of a 266 nm MPI mass spectrum produced by

(a) a 1% SF^1% NO/98% Ar expansion with (b) a 1% SFg/5% NO/98% Ar
expansion.
76

(NO)i^ (SFg)!!, by exciting the

vibrational mode of SF^ and monitoring the migration

of that energy into the weak vdW bond. They observed that large mixed clusters
preferentially lost NO molecules while smaller mixed clusters lost SF, molecules. It is
O

believed that for(NO)^

bond strength of NO-NO bond is similar in strength

to the NO-N^O bond which leads to a more varied fragmentation pattern.
As in the case of the molecules discussed previously, figure IV-10 shows the

dominance of the (NO)^ (SF^)^ cluster series over the NO'^(SFg)^ and (NO)^ (SF^)^.
The same arguments that were used to explain the dominance of the (NO)^ (X)^ in
previous chapter are not as easily applied to the SF^ case. Sulfur hexafluoride is not
linear like N^O, CO^ or CS^ and is not isovalent with them. However, sulfur
hexafluoride does have a relatively large polarizability which might help to stabilize the

(N0)2 unit
Two reasons can be provided for the non-observation of pure sulfur hexafluoride

clusters. First, they have a large ionization potential, 13.42 eV''" requiring three
photons of 266 nm light, which would result in low ionization probabilities. This is,
however, a less likely occurrence because other three-photon ionization processes, in
carbon dioxide and xenon, have been observed with the present apparatus. A more

plausible explanation would be that pure SFg clusters are dissociated by 266 nm light.
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either in the neutral or the ionic manifold of electronic states. The SF^

'^^"^ters

are produced as a result of fragmentation and charge transfer processes within (NO)^^

(SFg)^ clusters. Electron impact experiments have produced SF^ and SF^
clusters'^' while colUsion induced dissociation experiments have yielded bond

dissociation energies for SF^,SF^ ,SF^ ,SF^ and SF"*" and ionization potential for their
neutral analogs''". The same study concluded that sulfur hexafluoride ion is highly

susceptible to dissociation because the bond dissociation energy of F^S^-S is much lower
than the weakest S-F bond in the neutral cluster and, in fact, the researchers compare

this bond to an ion-induced dipole bond"".

(NO)^(HjO)^ clusters
One of the most important motivations for studying the solvation dynamics of

nitric oxide with various partners is to try and understand their behavior on a larger scale
and in more complex systems. No solvent partner for nitric oxide provides us with a
better opportunity to do this than water. It is now known that nitric oxide is solvated by
water in atmospheric and cellular environments and so it is important to study the way in
which the two molecules interact. Clusters of water and NO have been observed with

the present apparatus and by Kennedy et a/."' who solvated about a preformed NO^
seed ion. The hydration of NO"'" at room temperature has been investigated by the
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flowing afterglow method and rate constants for clustering and proton transfer reactions
17^ 177 17^ 17^

were obtained ' ' ' . Negative-ion water clusters have been studied by Posey et

al."^ in order to study the phenomenon of the hydrated electron and to investigate
charge transfer to various reactant molecules, including NO.
177

spectroscopy

Photoelectron

was employed to determine vertical detachment energies, adiabatic

electron affinities and dissociation energies of NOXHjO)^^ clusters. Measurements have

shown that both N0'''H20 and H20^H.,0 are resistant to dissociation in the 350-799 nm
wavelength range'^®-''^-'®". The observation of HjO^CH^O)^ , NO^ H^O and NC'CG^ in
the D region of the atmosphere has led to the conclusion that the NO containing species
are intermediates that undergo ligand switching and proton transfer reactions to produce

the hydronium cluster ions'*'. The entire chain of reactions is started off by the

ionization of nitric oxide with solar Lyman-a radiation'*^.
Figure IV-12 shows the time-of-flight mass spectrum produced by ionizing an

expansion of a 100 psi, 0.4% 0^0/1% NO/98.6% Ar mixture with 30 ps pulses of 266

nm light Three series can be identified, N0''^(D20)^, D^O'^^CD^O)^ and NO"''(Ar)^. Both
protonated and deuterated water were used in order to distinguish mass ambiguities.

For example, N0''"(H20)j^ clusters, with n > 5 cannot be distinguished from (NO)^
(H20)^2 clusters. Also, NO'''(D20)2|j is indistinguishable from NO^(Ar)^. The
corresponding NO/ H,0/Ar spectrum is similar in form but not as extensive as the
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Figure IV-12. The 266 nm MPI mass spectrum produced by a 0.4% H20/l% NO/98.6% Ar expansion showing the

DjO^CDjOln, N0'^(D20)n and the NO^(Ar)^ series.

deuterated expansion. Similar results have been obtained by Kennedy et al}^^ who

observed (N0)|^

^

n < 5) and H20''"(H20)^ clusters by solvating water

molecules around a NO^ ion seed. The present apparatus, using deuterated water, was

able to produce N0'^(D20)j^ clusters with up to 20 water molecules (as seen in figure
IV-12). The intensity alternation in the NO"^(D20)^ peaks correspond to the

contribution of the NO^(Ar)^ series.
The mass spectrum in figure IV-12 shows an extensive

cluster

distribution which is observed out to n = 40. Similar distributions, produced without

NO, have been observed by many groups using both beam and sputtering techniques'®'.
Although magic numbers at n = 12 and 21 were not observed in figure IV-12, they have
been observed in numerous studies and their stability was attributed to the formation of a

pentagonal dodecahedral clathrate structure'®'.

As noted previously, the N0^(D20)jj clusters are believed to be intermediates
that undergo dissociation and charge transfer reactions to ultimately produce the

hydronium cluster ions that are observed in the upper atmosphere'®^'®'. It has been
proposed that the nitric oxide ion undergoes two and three body ion-molecule switching
reactions which can be expressed

NO""+ H^O + M ^ NO'^CH^O)+ M

(IV-3)

NO^CH^O)+ HjO + M ^ N0^(H20)2 + M

(IV-4)
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N0^(H20)2 + H2O + M
N0^(H20)3 + H^O

N0''(H20)3 + M

(IV-5)

H30^(H20)2 + M

(IV-6)

Therefore, large water clusters are formed by additional collisions of the

N0'''(H20)^ ions with water molecules. When these reactions were studied by the

flowing afterglow method, NO^CHjO)^ clusters with n > 3 were not observed'^^'*^.
These studies also yielded rate constants for the above reactions and bond strengths
between the nitric oxide ion and varying numbers of water molecules. However, the

observation of NO^CH^O)^ by Kennedy et

and N0"^(D20)^ ,with n up to 20, in the

present experiments may require a reassessment of these values. Specifically, reaction
IV-7 must be slightly endothermic in order to proceed readily at room temperature but
185

be less probable in colder, supersonic expansions. Experiments by Stace et al. , where

water molecules were allowed to solvate a NO^ ion seed, have yielded the same results

and they, too, come to the same conclusions. The NO^CH^O)^ clusters have been
treated theoretically by Pullman et

who have determined hydration energies and

structures for up to n = 4.

(NO)^(SOjln clusters
Figure IV-13 shows the time-of-flight mass spectrum produced by ionizing an

expansion of a 100 psi, 5% S0^5% NO/90% Ar mixture with 30 ps pulses of 266 nm
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1000

light Three cluster series are observed, N0'''(S02)|j, SO'^CSOj)^^ and (S02)^ . The

S^(S02)|^ series is observed weakly. The (802)2 and SO"'" SO2 species have also been
observed by Erickson et

in a molecular beam experiment using a VUV lamp.

Using measured appearance energies, they were able to determine the binding energies

for(802)2 andS0"'S02 as 0.66 eV and 0.60 eV, respectively'®'. High-pressure mass
spectrometric studies gave a higher binding energy for 80^ SO^ (0.9 eV)'®®. Threephoton REMPI , in the 252-263 nm range, showed that upon ionization, 80^
fragments into 8"'" and 80"^^ exclusively. This is consistent with the observation of mixed
clusters containing these fragments in the present experiments and with REMPI

studies'®'. Photodissociation of the (802)2 cluster ion, in the 458-590 nm,showed that
the only fragment produced was 80^ after the dimer underwent vibrational

predissociation"". Photodetachment studies of the (802)2 have yielded electron
affinities and electron binding energies'". The lack of (NO)|J^

m > 1 is

attributed to the relatively stronger bond of NO-802 species compared to NO-NO thus
causing the preferential evaporation of nitric oxide molecules in the process of
dissipating excess energy.
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Chapter V

Tunable Spectroscopy of NO and X-NO(X = Ar,CH4 and CD4)

Introduction

The development of high-power, narrow bandwidth, tunable dye lasers has led to
the study of both atoms and molecules with two- and three-photon spectroscopy. This
method can be used to induce vibrationally and rotationally resolved electronic
transitions which can be used to investigate highly excited states and obtain structural
information about them. Various atomic and molecular systems have been studied in this

manner'^^"''' *^'*'. Nitric oxide is an excellent candidate for tunable spectroscopy because
many of its excited states are readily accessible with available dyes and frequency

doubling in either one or two photons. Furthermore, its simplicity makes it ideal to

study kinetic processes of excited states such as predissociation'^'. The ground state of
NO has an electronic configuration of KK

to a

^ which gives rise

term with two spin-orbit components,^Yl\a and

They are split by 121.1

cm'with the ^T\\a state being the lowest in energy'^'. The potential energy curves for

nitric oxide are shown in figure V-1 including the ground X^Ylia state and the two

excited states that were probed in this study, namely, the

and C^Il states''*. The

X^n ground state belongs to Hund's case (a) at low rotational levels while at high
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rotational levels it switches to Hund's case (b). This intermediate coupling case was

treated theoretically by Hill et

The two excited states studied in this chapter

belong to Hund's case (b). Halpem et

have determined the rotational line intensity

factors for two-photon excitation of NO. Several studies of excited states of NO,

detected by ionization^""'^"''^"^'^"^'^"^ and fluorescence^"''^'^'^"'"^''®'^"', have appeared in
the literature.

Results and Discussion

Nitric Oxide

Figure V-2 shows the nitric oxide ion signal as a function of two-photon

excitation energy for the (2+2) REMPI of NO through the

v' = 2 <— X^Il v" = 0

transition. The spectrum consists of five bands where the peak at 48865 cm"'
corresponds to the S21 band, the peak at 48854 cm"' corresponds to the S11+R21 bands
and the peak at 48846 cm"' corresponds to the Q21+R11 bands. These transitions

originate from the X^Y\\n state. The subscripts that are placed after the branch-type
designation refer to the initial and final rotational term series, Fi and F2 involved in the

transition. The splitting between these two rotational terms is determined by the spinorbit coupling constant A. The Fi and F2 terms are each further split into two levels , Fic

and Fid due to A-type doubling in which the rotation of the nuclei and the total orbital

angular momentum of the electrons are strongly coupled for high J values"®. This
87
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causes a splitting in the each J value which increases with increasing rotation (or J).
The rotational terms for A-type doubling in NO were first derived by Mulliken et
If one neglects the A-type doubling in the ground state, which is smaller than the

resolution of the peaks in the spectra, the rotational terms for the ^Tlia and

are

given by''®

Fi"(y)= Beff"V(/+l)

and

(V-1)

F2"(^=Beff'V+l)

(V-2)

where J = 1/2,3/2 ... etc for ^Yl\a and J = 3/2,5/2 .... etc for

•

(1 2)

Beff ' are, in the limit of large A,given by"®

Beff^'^ = Bv'Xl- Bv7A)

and

Beff"'= Bv"(l+Bv7A),

(V-3)

(V-4)

where A refers to the spin-orbit coupling constant. The rotational terms for the

(neglecting the spin rotation splitting) can be expressed as"®
F,'(y)= Bv'(/-l/2)(/+l/2)

and

Fz'(7)= Bv"(7+l/2)(7+3/2)

(V-5)

(V-6)

where 7=1/2, 3/2 ... etc. The result is that 10 branches, from each spin-orbit

component (for a total of 20), are expected. However, if the spin-doubling in the
excited state is neglected (it is usually smaller than the bandwidth of the laser) only six of
the possible ten bands , from each Q, are observed since some of the branches merge

together due to their rather small splitting. In the colder, supersonic expansions even
fewer bands are observed due to the effective cooling of rotational modes.
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Spectroscopic measurements of the A state have been carried by a number of

groups with a number of different techniques. Zacharias et al?^^ used two-photon
ionization to determine the ionization cross-section from v' = 0 of the

state to be

7.0 X 10"^' cm^ with the ionizing wavelength being 266 nm. Extensive work was
performed by Miller et

who used resonantly enhanced multiphoton ionization

(REMPI)-photoelectron electron spectroscopy (PBS) to investigate transitions through
various vibrational levels of the

state (v = 0-2). Using a (2-1-2) photoionization

scheme, they were able to determine that the high energy electrons that they observed
were due to direct ionization from the excited state. The photoelectron spectra were
dominated by Franck-Condon factors which led to the ion being formed in the same

vibrational state as the excited state, i. e., Av = 0. The majority of the excess energy was

being carried off by the exiting electron^"". Internal conversion and autoionization
arguments were used to explain the presence of near zero kinetic energy electrons in

their spectra^"". The two-photon absorption cross-section for the
= 0 transition was determined by Gross et
1.2 X 10^® cm"* s while Hochstrasser et

v' = 2 <—

v"

using a fluorescence technique, to be
and Burris et

Both arrived at a value

of 2.9 X 10^' cm'' s. Multiphoton ionization of vibrationally hot nitric oxide was

investigated using a(1+1)scheme via the A^IL^ state and bandheads were assigned^'^.
The spectrum in figure V-3 shows the ion signal of NO again as a function of

two-photon excitation energy for resonantly enhanced (2+1) MPI through the

v' =

3 <— X^n v" = 0 transition. The peak at 51142 cm'corresponds to the S21 band, while
90
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the peaks at 51129 cm"' and 51121 cm"' correspond to the S11+R21 and R11+Q21 bands,
respectively. In studying the REMPI-PES of NO via various vibrational levels in the
state, Miller et
through the v'= 3 level of the

discovered that when the ionization process proceeded
state there was a trade-off in the formation of the ion

between direct ioruzation and vibrational autoionization. TTie former process involved

the absorption of two photons, of 3.17 eV each, into the v' = 3 level of the

state

and the subsequent absorption of another 3.17 eV photon into the v" = 0 of the ground
state of the ion (with the exiting electron carrying off most of the energy). The latter
process had the same absorption step into the excited state but involved the absorption
of an additional two 3.17 eV photon into the continuum, leaving the ion in the v" = 3
level. The trade-off occurred due to the fact that the Franck-Condon factors for the

electron to be in the v" = 0 level were very small (~ 10"') but the ionization probability
with three photons was higher than the four photon process. In the four-photon scheme,
the Franck-Condon factors, that left the ion in the v" = 3 level, were much higher

because it obeyed the Av = 0 propensity rule for ionization from a Rydberg state,
however, the ionization probability was much lower than in the three photon case. The
multiphoton ionization of NO via the v' = 3 level was carried out by Zakheim et
who observed predissociative processes. Table V-1 summarizes the transition energies
measured in these experiments on the A state.
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Table V-1. Transition Energies for

v' = 2

X^n v" = 0 transitions.

A^ZN'= 2<-X^n,/2 V" = 0
Q2i+Rn
Sn+R2i
S21

48846 cm'
48854 cm'
48865 cm'

= 3^X^01/2 v" =0
Q21+R11
S11+R21
S21

51121 cm'
51129 cm'
51142 cm'
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X^Yl\p, v" =0 and

v' = 3

ArNO

The van der Waals complex, ArNO, was investigated with a (2+1) resonant

ionization scheme. The only accessible transition was via the C^Tl state of the complex
which was formed by the conjunction of the ground state of Ar and the C^Tl (v = 0)
state of NO. The C^Il (v = 0) <— X^Tlip, transition of NO have been extensively studied

by absorption^'' and emission''^ spectroscopy and by subjecting NO to external magnetic

fields^". The 2+1 ionization spectrum of ArNO is shown in figure V-4 and four Ar-NO
vibrations were observed. The peaks correspond to the progression of the NO-Ar

stretch. The spectrum is obtained by gating the TOF mass spectrum to the ArNO"^ peak
with a gated integrator and boxcar averager and recording the output as a function of
laser wavelength. The ground state of ArNO has a T-shaped geometry with the 3p
Rydberg orbital oriented perpendicular to the molecular axis of NO, an N-Ar distance of

3.711 A and an O-N-Ar angle of 80.483°^'*'^". The complex has a ground state welldepth^^"(De) of 118 cm'which leads to a dissociation energy (De) of 472 cm"' for the
excited C state^"*^^'. The two-photon resonance frequencies associated with the C^H <—
X^ni/2 transition of NO are shown in table V-2. The 0-0 transition at 52039 cm"'

represents a shift of ~ 334 cm"' from the corresponding transition in the uncomplexed
NO. The shift represents the difference between the ground state and excited state well-

depths . Therefore, by using 118 cm" as the ground state well-depth, the dissociation

energy of the ArNO C state is estimated to be ~ 452 cm"' which is in agreement with the
value obtained by Miller et

The latter authors also determined the force constant
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Figure V-4. Multiphoton ionization(2+1)ionization of ArNO associated with the C211(v = 0)<— X2^^2^ ~
transition of NO. The v' refers to progressions in the Ar-NO stretch.

Table V-2. Transition Energies for C^n v'=0 <— X^Y[\a v" =0 transition.
Laser wavelength

Transition energy (in

vibrational spacing

vacuum)
NO(v = 0)

381.77 nm

ArNO(v'= 0)*

384.21 nm

ArNO(v = 1)
ArNO(v =2)
ArNO(v = 3)

383.41 nm

383.79 nm
383.08 nm

52373 cm'
52039 cm"'
52096 cm"'
52149 cm"'
52193 cm"'

* V refers to the vibrational progression in the NO-Ar stretch.

vO
ON

0

57 cm"'
53 cm"'
44 cm"'

of the van der Waals bond to be 3.39 x 10"^ mdyne/A^^'. If the measured data in table
V-2 is fit to a Morse potential, a vibrational fiequency (tn) of 64.3 cm'^ and a constant
CCfeXe of 3.25 cm"' is obtained. The calculated vibrational frequency are similar to the
value obtained by Miller et

Rotational fine structure in the peaks is unresolved in

the experiment, consistent with a rotational constant of 0.08 cm"' as determined by
scattering experiments"^^.

Takahashi^^' used REMPl-PES to observe vibrational

progressions of the Ar-NO"^ cation and determined the dissociation energy of the ground

state of the ion to be 951 cm"'. Using mass resolved REMPl, McQuaid et al}^* have
investigated the A-X vibronic transitions and have arrived at an upper limit of 43 cm"'

for the dissociation energy of the A state of ArNO^^".

CH4NO and CD4NO

The CH4NO and CD4NO van der Waals complexes can be produced when either

or deuterated methane is coexpanded with nitric oxide and argon. The spectrum in

figure V-5 shows six peaks which correspond to progressions of the CH4 - NO stretch
following a (2+1) REMPl processes involving the C state of NO. Figure V-6 shows a
similar spectrum of CD4NO. The measured transition energies for both species are

summarized in table V-3. The protonated methane complex has a progression with an

origin of 51604 cm"' which represents a shift of ~770 cm"' from the uncomplexed NO

and is in in agreement with the value obtained by Miller^^^. Fitting the data in table V-3
to a Morse potential yields an cct of 102 cm"' and a co-Xe of 3.3 cm"'for CH4NO and an tut
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Figure V-6. Multiphoton ionization (2+1)ionization of CD.NO associated with the C 11 (v = 0) <— X FT,1/2 (v = 0)
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Table V-3. Transition Energies for ArNO associated with the C^FT v'=0 <Transition

Laser wavelength

Transition energy (in vibrational spacing

vacuum)
CH4N0(v =0)*

0

384.88 nm

51605 cm'
51701 cm'
51788 cm'
51870 cm"'
51949 cm"'

CH4N0(v'= 5)

384.38 nm

52016 cm"'

67 cm"

CD4N0(v'= 0)
CD4N0(v'=1)
CD4NO(v'= 2)
CD4N0(v'= 3)

387.45 nm

51605 cm"'
51689 cm"'
51774 cm"'
51852 cm"'

0

CD4NO(v=4)

384.05 nm

75 cm

CD4NO(v"= 5)

384.56 nm

51927 cm"'
51992 cm"'

CH4N0(v'= 1)
CH4N0(v'= 2)
CH4N0(v'= 3)
CH4NO(v'= 4)

o
o

387.45 nm
386.73 nm
386.07 nm
385.46 nm

386.81 nm
386.18 nm
385.60 nm

v" =0 transition of NO.

96 cm
87 cm

82 cm"

79 cm

84 cm
85 cm
78 cm
65 cm

' V refers to the vibrational progression in the NO- CH4 and the NO- CD4 stretch.

of 91.8 cm"' and a cctXe of 2.4 cm"' for CD4NO. These values are in agreement with

those obtained by Miller^^'.
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Chapter VI

Laser Induced Polymerization in CS2 clusters

Introduction

Carbon disulfide has been studied extensively by electron and photon excitation
•

226 227

228 229 230 231

techniques to investigate its fragmentation dynamics ' , spectroscopy ' ' ' ,

photochemistry"^'^^^ and nucleation"'*'^". Recently, the phenomena of nucleation and
laser induced-polymerization of small molecules such as CS2 has generated great
interest.

These experiments fall into three main categories which are described

separately below: those that are performed at low to moderate pressures, those that are
performed at high pressures, and those in molecular beams.

At moderate pressures (1-75 torr) laser induced particle formation or "laser

snow" can be observed in CS2 vapor^^'"^^®'^''"^^*. This phenomenon was first seen in a
•

239 .

mixture of cesium and hydrogen after excitation of the 7P state of cesium . The laser-

induced reaction was extensive enough to lead to the production of macroscopic
particles of cesium hydride which were visible to the naked eye, hence the term laser

snow. Laser snow studies in CS2 vapor by Ernst et

used 337 nm light from a

nitrogen laser and the 351 nm and 357 nm lines of a krypton laser to induce clustering.

A more detailed wavelength-dependence study of clustering in the 335 to 342 nm

region^^' indicated that the process was initiated following the absorption of photons to
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produce electronically excited CS2 molecules, which, in turn, collided with ground state
molecules and underwent nucleation and dissociation. The entire reaction sequence was

thought to proceed through the neutral manifold of electronic states. The rate of growth

of (CS)j^ and

was measured by collecting the light from a helium-neon laser that

scattered from macroscopic particles. It is interesting to note that the scattered light

signal exhibited oscillations as a function of time^^'. The scattering increased as a
function of particle size but after a critical size was reached larger particles were
removed from the vapor phase in the form of particulates and consequently, a decrease
in the scattering was observed. This was followed by the regrowth of the smaller
particles that remained in the vapor and the cycle resumed.
At higher total pressures (100-500 torr), nucleation can be photoinduced in

supersaturated vapors^''*'^''°'^'*'. In experiments by Kalisky et al}^ a thermal diffusion
cloud chamber(TDCC) was used to contain a supersaturated vapor of CS2 and a xenon
arc lamp was used to induce nucleation.

particles were deposited on the bottom of

the chamber while CS molecules diffused to the wall and formed a brownish coating.

The mechanism given for the production of

is highly dependent on the S2 molecule

which is produced by the collision of an excited CS2 molecule with a molecule in the
ground state. The S2 molecule serves as a seed for the formation of an

cluster of

critical size and once this size is reached the cluster itself becomes the nucleus for the

formation of

droplets that are observed in the TDCC. That is, the S2 molecule reacts

with another S2 molecule to produce

which in turn reacts with an S2 molecule to
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produce Sg and so on. The same group also investigated photoinduced nucleation
involving small amounts of carbon disulfide in supersaturated host vapors, such as
ethanol and helium.

In contrast to the phenomena described above, reactions within van der Waals
(vdW) clusters in molecular beams at very low pressures is a relatively new area of
study.

There

have

been

many

reported

instances

of

intracluster

reactions^'*^'^'*''^'"'^'*''^''®'^'*''^'*® which are initiated by the ionization of a cluster to form the
cation. The excess energy that is deposited into the cluster can be dissipated by the

successive evaporation of species that are weakly bound to the ion, by the fragmentation
of the cluster ion where the fragment also carries off the excess energy, or by the
initiation of reactions within the cluster to form new cationic species. A subset of this

class of reactions involves polymerization processes within vdW clusters. They have

been reported by two groups^^'*^'" which have studied species that are also known to
polymerize in bulk samples. In these reactions the fragmentation of the parent cluster is
thought to be followed by a series of addition and elimination reactions that produce
polymeric cations.

As an example, El-Shall et

have reported cationic

polymerization in isoprene clusters. Clusters were generated by expanding isoprene and

helium through a conical nozzle, ionized by electron impact and detected by a

quadrupole mass spectrometer. The mass spectrum showed pure isoprene clusters and
numerous fragment ions that were a result of a series of addition-elimination reactions.
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The isoprene intracluster processes have a well known analog in ion-molecule

chemistry as demonstrated by Kascheres et

In Kascheres' work an isoprene radical

cation and its neutral counterpart were guided into an ion trap where they were allowed
to react for 300 milliseconds. The resulting fragment ion distribution was very similar in
extent and abundance when compared to the intracluster reactions.

In the present paper, we report the observation of

and (CS)j^ ions and

provide unambiguous evidence of their formation via a unique cycle of consecutive

intracluster reactions within parent CS2 clusters. The proposed reactions are supported
not only by the observation of the cluster ions that initiate the cycles but also by the

intermediates that are involved. Furthermore, the reactions are based on previously

observed ion-molecule reactions involving excited CS^The excited states of the carbon disulfide ion have been studied and their

respective dissociation limits and dissociative products have been characterized.^ The

photoelectron spectrum of CS2 shows five prominent bands with four of the bands

having resolved vibrational structure.^^". The spectroscopy of neutral CS2 has also been
well studied and shows an extensive and complex absorption spectrum. Some of the
stronger bands include the

transition between 330 nm and 430 nm, the

A^B2 <—X^Zg transition between 180 nm and 220 nm, the C «- X transition between
162 nm and 172 nm and the E <- X transition between 136 nm and 153.5

The spectrum below 136 nm is dominated by a number of Rydberg transitions.
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The present work is a continuation of previous cluster studies using picosecond

laser ionization coupled with mass spectrometry.

Earlier work by this group has

involved the study of "magic numbers" in both homonuclear and heteronuclear cluster
distributions"^^'^^'*'^^^.

Results and Discussion

The TOP mass spectrum produced by two-photon ionization (239.53 nm) of a

low pressure (125 torr) expansion of a CS2/Ar mixture is shown in figure VI-1. This

expansion produced no clusters and the only ions observed are S"*" and CS^ • In the
mass spectrum the small peak that is separated by one amu from CS^ is due to HCS^
which is a result of reactions with uace quantities of water while the peak that is

separated by two amu is due to CS^ with one

isotope. Figure VI-2 presents an

energy level diagram of CS2 showing the excited states of both the neutral and the ion.
The excited states of the ion are shown with their respective dissociation limits and

products while the arrows indicate the number of photons needed to ionize CS2 at
239.53 nm and the energy corresponding to one- and two-photon absorption in the

neutral and ionic manifolds. The CS^ that is observed in figure VI-1 arises from direct
two-photon MPI of the neutral. The formation of the sulfur ion occurs by two-photon

ionization of CS2 with subsequent absorption of a third 239.53 nm (5.17 eV) photon by
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Figure VI-1. The 239.53 nmMPI mass spectrum produced by a 125 torr expansion of CS2 showing the S and the CSj ions.
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CS2 into the

Zy state which can predissociate via the

repulsive state.'^

The

threshold for this process is 14.81 eV with respect to the ground state of 082- The last
step in the formation of S"^ can therefore be described as follows:

CS|(V)^ S+C'^S)+ CSC^Z"^)

(VM)

•
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This process has been previously observed at 240 nm by Fischer et al.

who also see

only CS2 and S"*" in their mass spectrum.
Figure VI-3 shows the low mass region of the time-of-flight mass spectrum

obtained by ionizing a 5% CS2/Ar mixture using focused 239.53 nm light. In this case
the backing pressure

has been increased to 100 psi in order to enhance cluster

formation. In contrast to the mass spectrum obtained at the low backing pressure (figure
VI-1) the spectrum in figure VI-3 shows numerous ions with masses up to 300 amu. In

addition to the S"*" and CS2 ions seen previously in figure VI-1 we observe two main
classes of cluster ions in the mass spectrum. The first includes homogeneous clusters of

the form (CS2)j^,

or (CS)|^ while the second category includes sulfur and carbon
I

^

monosulfide cluster ions solvated by additional CS2 molecules [i.e., S^(CS2)jj or CSj^

(CS2)n]- Again, the small peaks that are separated by one amu from the S"^ and CS"*"
ions in figure VI-4 are due to HS"^ and HCS"*" ions, respectively, and clusters with one
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intracluster polymerization recations while the other ions come from purely fragmentation and dissociation processes.

S are observed two amu from most of the peaks. The presence of CS and S2 in this
mass spectrum (figure VI-3) and their absence in figure VI-1 indicates that these ions are
produced from the dissociation of carbon disulfide cluster ions rather than from the

monomer. Although CS2 has a number of neutral dissociation channels which could
give rise to both CS and S species which could, in turn, be ionized, we believe that the
formation of the sulfur and carbon monosulfide ions occurs from the dissociation of

CS2 and (CS2)j^ , respectively. The dissociation channel producing CS+S in the
and

states, respectively, has a threshold of 4.46 eV (278 nm)^'^. Thus absorption

into the ^B2<—

transition which extends from 189 nm to 220 nm can result in neutral

fragments. Another broad absorption band extends from 290 nm to approximately 350

nm which cannot lead to dissociation with one photon"'. However, the absorption

cross-section at 239.53 nm appears to be very small"'. Consequently, we expect twophoton ionization to dominate over any possible one-photon dissociation processes.
Figure Vl-4 shows the higher mass region of figure Vl-3 on an expanded and
amplified scale and we observe pure sulfur clusters up to the hexamer, carbon
monosulfide clusters up to the trimer, and various heterogenous cluster ions. The
observed ions in figures VI-1 and Vl-2 are summarized in table VI-1.

The largest

cluster of CS2 observed (but not shown) under the conditions of figures Vl-3 and Vl-4

is the (CS2)5 species. However, experimental conditions of backing pressure and laser
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Table VI-1. Summary of ions observed in Figs. 3 and 4.
(A= 239.53 nm)
ION

n

m

1-11

(cs);

1-5

(csj);

1-5

ccs*

1

s;(cs,)„
cs;(cs,)„

1-9

1-4

1-3

1-3
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power can be varied such that clusters up to (CS2){3 are observed. The formation of

the fragment ions in figures VI-3 and VI-4 (except for S""" and CS^ is attributed to
intracluster photochemistry occurring entirely within individual clusters. Since the CS2
clusters are ionized approximately six inches downstream from the supersonic nozzle it
can be safely assumed that all collisions have ceased. It is well known that species such

as (CS)j^ , CS''"(CS2)^ and (S)^(CS2) can be created as a result of ion-molecule
reactions which are given below and were proposed by Henglein^^' to explain his
observations in electron impact high-pressure mass spectrometry studies:

CS^*+ CS2

S'*'(CS2)+ CS

(VI-2)

CSJ*+ CS2^(CS)J + S2

(VI-3)

CS

(VI-4)

CS2 -> CS'*"(CS2)+ S

CS"^ CS2^(CS)J -I- S

.

(VI-5)

lonization efficiency (IE) curves were also reported and all the secondary ions were

observed to have the same appearance potential (13.3 eV). The IE curve for (CS)^
didn't rise as steeply as the other ions at threshold while above 16 eV it increased

dramatically. Henglein concluded that (€8)2 is formed by the two separate processes

shown above. Reaction (VI-3) accounted for the (CS)^ ions that were observed up to
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16 eV while those (CS)^ ions observed at higher energies had contributions from both
reactions (VI-3) and (VI-5) since the threshold for reaction (VI-5) is 16 eV.

The initial steps in the mechanisms that we propose for the formation of(S)^ ,
(CS)^ and their respective intermediates are given below:

(CS2)(CS2)n.i + 2hv ^(CS2)'^(CS2)n.i

(VI-6)

(CS2)^(CS2)n.i+hv^(CS2)"^*(CS2Vi .

(VI-7)

The formation of carbon disulfide clusters is followed by their two-photon

ioruzation and subsequent absorption of an additional 5.17 eV photon to an excited
state. All clusters of carbon disulfide can be ionized by two photons of 5.17 eV energy
since their I.P's decrease from that of the monomer (10.068 eV) as a function of

increasing cluster size^'^. The extra photon is necessary to reach the fragmentation
• 257

appearance potentials measured by Henglein .

The following two reactions are proposed for the creation of sulfur and carbon
monosulfide ions that are solvated by carbon disulfide molecules:

(CS2)'^*(CS2)n.i ^S+(CS2)n.i + CS

(VI-8)

(CS2)'^*(CS2)n.i + hv ^ CS'^(CS2)n.i+ S .

(VI-9)

Note that reactions (VI-8) and (VI-9) are cluster analogs of the ion-molecule reactions
(VT2) and (VI-4). Reaction (VI-9) requires an additional 5.17 eV photon because the
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reaction is slightly endothermic(see table VI-2). The enthalpies of reaction for a few of
the cluster reactions and for the analogous ion-molecule reactions are given in tables VI2 and VI-3 respectively and are discussed later. The enthalpies of formation were
obtained from various references^^®'"^'^®"'"*.

We propose the following cycle of intracluster ion-molecule reactions to account
for the creation of pure sulfur cluster ions:

S'^(CS2)n.i -> Sj(CS2)n-2 + CS

(VI-10)

SJ (CS2)n.2^ (CS2)n.3 + CS

(VI-11)

Sm(CSA-m^

(CS2)„.(„+i)+ CS.

(VI-12)

Likewise, the following reactions are proposed for the formation of carbon
monosulfide cluster ions:

CS+(CS2)n.i -> (CS)J (CS2)n.2 + S

(VI-13)

(CS)J(CS2)n.2 -> (CS)^(CS2)n.3 + S

(VI-14)
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TABLE VI-2. ENTHALPffiS FOR CLUSTER REACTIONS^'^
CLUSTER REACTIONS

AHj.(kcal/mol)

CSj*(CS2)^S^(CS2)+ CS
csf(CS2)-^CS''(CS2)+ S

-26.6
1.9

S^(CS2)-^SJ-hCS
sJ(cs2)->s5"+ cs
CS'"(CS2)^CS''+ CS2

18.8
77.4
37

® Enthalpies of formation obtained from refs 36-39

^ CS2* denotes an excited ion following absorption of a 5.17 eV photon by the
ground state ion.
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TABLE VI-3. ENTHALPffiS FOR KNOWN ION-MOLECULE

REACTIONS^'^
ION-MOLECULE REACTIONS

AHr (kcal/mol)

CSj* + CS2->S^(CS2)+ CS
CSJ''+ CS2^CS^(CS2)+S

-51.5
-23.0

S-'-bCS2 -^Sj-bCS
8^4-082 ->s^ + cs
83-hC82 ->8;-bC8
8j-bC82-^8^-bC8
8^-bC82->8j-bC8
8^4-082 ->87 4-C8
87-bC82 -^8^-bC8

-22.5
46.5
49.0
-10.0
44.0

31.0
41.0

^ Enthalpies of formation obtained from refs 36-39 (also see text)
»

/Io

"CS2 denotes an excited ion following absorption of a 5.17eV photon by the
ground state ion.
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(08)+ (CS2)„.„^(CS)+^i (CS2)„.(m+i)+ S.

(VI-15)

Again, note that reaction (VI-15) is analogous to the ion-molecule reaction given
previously. The ion-molecule analog of reaction (VI-10) has been previously reported
by Hiraoka et

who observed the following addition reaction:

S"^ + CS2^S|+ C.

AH® =-22.5 kcal/mol.

(VI-16)

Related ion-molecule reactions that cycle to produce sulfur cluster ions have also
•

•
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been observed in the isoelectronic OCS molecule by Dzidic et al.

OCS+ + OCS -> Sj+2C0

(VI-17)

S+ + OCS -> SJ + CO

(VI-18)

Sj+ OCS^Sj+ CO

(VI-19)

In both of our sulfur and carbon monosulfide polymerization mechanisms, the

respective intermediates cycle through intracluster ion-molecule reactions and terminate

with the formation of a homogeneous cluster ion. For example, the production of S^
proceeds as follows:

CSJ*(CS2)4^S"^(CS2)4 + CS

(VI-20)

S"^(CS2)4

sJ(CS2)3 + C

(VI-21)

SJ(CS2)3

S^(CS2)2 + C

(VI-22)
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s5(CS2)2
SJ(CS2)

Likewise,

SJ(CS2)+ CS
SJ + CS

(VI-23)
(VI-24)

and (CS)^ arise from (CS2)|J^ or larger clusters. The reactions

above show that the production of a given Sj^ ion needs a CS 2(^S2^m-1
%

initiating species. Therefore, the termination step, and hence, the formation of resulting
pure sulfur ion is dependent upon the size of the carbon disulfide cluster that initiates

the cycle of reactions. Since the molecular beam has a distribution of CS2 cluster sizes,
a similar distribution of pure sulfur cluster ion results. In the case above, reaction VI-24

is the terminating step since there are no more CS2 "reactant" molecules in the cluster.
Alternatively, if the clusters have insufficient internal energy to proceed to completion
then the intermediate heteronuclear ions are detected.

The formation of S'^(CS2) and (CS)^ has been previously investigated by
Patsilinakou et

in a similar mass analyzed multiphoton ionization experiment They

observed CS^, CS"*",(CS)^, and S''"(CS2) ions. They concluded that both the S'''(CS2)
and (CS)2 fragment ions were created by either a dissociation of the carbon disulfide
dimer ion or by the fragmentation of the neutral dimer and its subsequent ioruzation.
The absence of carbon disulfide cluster ions in their mass spectra was attributed to the

high efficiency of fragmentation processes. Their mechanism for the production of the
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S'''(CS2) and (CS)! clusters of CS2 was also supported by their pressure dependence

studies. They observed a quadratic dependence of the (CS)^ and S'''(CS2) signal on the
CS2 pressure and therefore, concluded that both these fragment ions were products of
carbon disulfide clusters and not the monomer.

In our mechanisms the elimination reactions and the processes by which sulfur

and carbon monosulfide are solvated by CS2 are very similar to those proposed by ElShall et al.^^ and by the Garvey group^^°. Both suggest processes where the final size
of an ion is dependent on the size of the parent ion and internal barriers to intracluster
reactions coupled with the thermodynamics and rate kinetics of particular elimination
reactions. However, we believe that we have provided unambiguous evidence for a

unique cycle of consecutive intracluster reactions within CS2 clusters that produces pure
sulfur and carbon monosulfide cluster ions. Our proposed reactions are supported by the
observation of the cluster ions that initiate the cycles and the respective intermediates

that are involved Our mechanisms are based on known ion-molecule reactions and CS2
spectroscopy and are similar in this respect to the studies by El-Shall et

and methyl
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halide reactions which were studied by Garvey et al.

The heats of formation that were used to determine the values in tables VI-2 and

VI-3 come from a variety of sources. Heats of formation for S"''(CS2) and CS''"(CS2)
were obtained by Ono et

who used a helium light source to ionize a CS2/Ar

mixture and subsequently detected the ions with a quadrupole mass spectrometer. They
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determined the appearance potentials for these fragment ions which combined with the

binding energies gave heats of formation for S^(CS2) and CS^(CS2) as 291.7 and 318
kcal/mol respectively^^'. The bond dissociation energies for (€82)^(082) and 82(C82)
were obtained by Hiraoka et

using a pulsed electron-beam high pressure mass

spectrometer and are given as 30.9 and 24.9 kcal/mol respectively^^. Using these values

and knowing the heats of formation for C82, C82 and 82 we can obtain the heat of

formation for (C82)^(C82) and 82 (CS2) as 263.1 and 243.6 kcal/mol respectively.

The heats of formation for 8j^, 8j^ , C8, C8"^, C82 and C82 were obtained from
tabulated values given by Lias et
been calculated by Hiraoka et

8tructures for S2(C82)p and C82(C82)j^ have
and energy differences between geometrical isomers

are given. The discrepancies that arise between the different values may be due to the
fact that some of the heats of formation have been obtained by ionization methods where
unfavorable Franck-Condon factors near the ionization limit could

make the

determination of the true adiabatic energies difficult In these cases, the appearance
potential is the only value that can be extracted from the data.

Other Carbon Disulfide Reactions

Having a ready source of excited C82 ions, it was of interest to identify other
intracluster reactions suggested by known ion-molecule reactions. The first system to be
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studied was a mixture of methane and carbon disuMde. Here, 260 torr of CS2 was
coexpanded with an equal amount of methane and ICQ psi of argon and the resulting

supersonic beam was photoionized with 239.53 nm light.

Although extensive

fragmentation of CS2 was observed, the new ions of interest in the mass spectrum were

CH^S"^, CHS"^ and CS''"CH4. The formation of these ions is attributed to intracluster
chemisuy but they also have well known ion-molecule analogs. In the case of CHS"*", a
bimolecular reaction between the CS"*" ion and a neutral methane molecule produces the

product ion exclusively^^:

CS+ CH4^ HCS"^ + CH3

(VI-25)

The bimolecular reaction between the sulfur ion and neutral methane produces

the CH2SH+ and HCS"^ ions.^"
+ CH4^ HCS"^ + CH3 5%

(VI-26)

S"^ -h CH4 -> CH2SH"^ + H. 95%

(VI-27)

Experiments were also performed on mixtures of NO/Ar and carbon disulfide to
investigate the possibility of intracluster chemistry. A 100 psi mixture of 5% NO/5%

082/90% Ar was irradiated with focused 239.53 nm light Three new ions were

observed that were of particular interest, NC^S, NO'''S2 and (NO)2S.

The

corresponding ion-molecule reactions have not been studied but the neutral species have

been observed by Hawkins et

in photolysis experiments of carbonyl sulfide with
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NO monomer and dimer . Calculations have been performed on SN2O2 where the
•

266 267

geometric, electronic and vibrational characteristics were studied. , .
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Chapter VII

Conclusions

This thesis has shown that non-resonant multiphoton ionization can be used to

observe intensity anomalies in cluster distributions and induce ion-molecule chemistry
within clusters. In chapter III, nonresonant MPI, using 266 nm light, was used to

investigate cluster distributions of (NO)j^

resulted in the observation of

magic numbers in the spectrum. The latter were attributed to the formation of very
symmetric, and hence stable, icosahedral and double icosahedral structures. These
magic numbers had been previously observed in rare gas cluster distributions. When a

100 psi 1% NO/Ar expansion was four-photon ionized with 532 nm light, the (NO)^
(Ar)_^ clusters (m > 1) were dissociated leaving only the NO'^(Ar)^ series, which still
exhibited intensity anomalies at n = 12 and 18. This is consistent with the nitric oxide
dimer and trimer cluster ions having a large dissociative absorption at 532 nm . Even
though nitric oxide clusters(m < 3) have well known dissociative resonances both in the

neutral and ionic manifold of states, the data suggested that the dissociation of (NO)jJ^
(Ar)^ occurred in the ionic manifold because the three photon level (which is the only
possibility for photodissociation), lies outside the known dissociative absorption of nitric
oxide dimer. Furthermore, even though the laser was tuned to the peak of the neutral
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resonance, at 217.8 nm and with a 20 ps pulse, a substantial number of nitric oxide
cluster ions were detected^^'.

In Chapter IV, picosecond, non-resonant MPI of a 5% NO/Ar expansion resulted
in the detection of large nitric oxide clusters with an odd-even intensity alternation (odd
> even). This odd-even effect increased until after m > 19, only the odd cluster ions
were observed. The odd-even effect was explained in terms of electron pairing in the odd

cluster ions, thus making them more stable than their even counterparts. The increase in
the effect was attributed to the differences in the relative stabilities of the odd and even

cluster ions which were magnified by kinetic effects during the evaporation process.

When nitric oxide was coexpanded with various partners, the (NO)^ (Y)_^ cluster series
(where Y = N2O, CO2, SFe and CS2) dominated the mass spectra. Although more

calculations are needed, the stability of these series is believed to be due to a cyclic

(N0)2 ion solvated by various partners. The nitric oxide trimer ion was not observed to
be especially stable on its own and so it is suggested that the stability is provided by the
complexing agent.

In chapter V, REMPI was used to probe various excited states of NO and X-NO
(where X = Ar, CH4 and CD4). The spectra showed vibrational progressions in the X-

NO stretch and yielded excited state dissociation energies. In order to apply this
technique to larger clusters, it is necessary to do mass-selected REMPI using a two-
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color process where one laser would be used to ionize while the other would act as a
probe. This method has the potential of yielding structural information.
Chapter VI dealt with the MPI of carbon disulfide clusters. This resulted in the
observation of various fragment ions and, more importantly, pure sulfur and carbon
monosulfide cluster ions. The formation of the latter was attributed to a cycle of ion-

molecule reactions that occurred entirely within carbon disulfide clusters.

The

mechanisms that were proposed had collisional ion-molecule analogs. In order to further
study this phenomenon, it would be desirable to use a reflectron time-of-flight mass
spectrometer to monitor fragment production from mass-selected parent ions after a
known amount of energy is deposited into the latter.
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